University of South Carolina

Scholar Commons
Theses and Dissertations

2018

Understanding Geopolymerization Process for
Enhancement of Mechanical Properties of Fly Ash
Based-Geopolymer Concrete
Lateef Najeh Assi
University of South Carolina

Follow this and additional works at: https://scholarcommons.sc.edu/etd
Part of the Civil Engineering Commons
Recommended Citation
Assi, L.(2018). Understanding Geopolymerization Process for Enhancement of Mechanical Properties of Fly Ash Based-Geopolymer Concrete.
(Doctoral dissertation). Retrieved from https://scholarcommons.sc.edu/etd/4981

This Open Access Dissertation is brought to you by Scholar Commons. It has been accepted for inclusion in Theses and Dissertations by an authorized
administrator of Scholar Commons. For more information, please contact dillarda@mailbox.sc.edu.

Understanding Geopolymerization Process for Enhancement of Mechanical Properties of
Fly Ash Based-Geopolymer Concrete
by
Lateef Najeh Assi
Bachelor of Science
Basrah University, 2008
Master of Science
Basrah University, 2011
Master of Science
University of South Carolina, 2017
________________________________________________
Submitted in Partial Fulfillment of the Requirements
For the Degree of Doctor of Philosophy in
Civil Engineering
College of Engineering and Computing
University of South Carolina
2018
Accepted by:
Paul Ziehl, Major Professor
Charles Pierce, Committee Member
Lingyu Yu, Committee Member
Edward Deaver, Committee Member
Cheryl L. Addy, Vice Provost and Dean of the Graduate School

1

© Copyright by Lateef Najeh Assi, 2018
All Rights Reserved.

ii

Dedication
To my parents, for their endless love, support, and encouragement, to my uncle
Saad Shiaa for his invaluable advice and support, to Mr. Edward Deaver for his
irreplaceable support and encouragement, and to my professors at the University of South
Carolina and all my friends.

iii

Acknowledgments
I would like to express my deepest appreciation to my advisor Dr. Paul Ziehl for
his guidance, patience, and support. It has been essential to my academic success. To my
committee members, Dr. Charles Pierce, and Mr. Edward Deaver, and Dr. Lingyu Yu,
thank you for your invaluable advice and help throughout my research. My gratitude also
extends to my friends and coworkers. Much of my experimental work would not have been
completed without your assistance.
I owe my deepest gratitude to my parents for their endless love, support, and
encouragement. No words can describe my love for you both.
I would like to express my tremendous gratitude to my uncle and godfather, Saad
Shiaa. You inspired me when I was a child and guided and encouraged me whole my life.
Without your encouragement and help, I would not have achieved the level of success that
I have reached. There are not enough words to describe how grateful I am for you.
I would also like to thank Mr. Edward Deaver for all the aid and assistance you
have given me throughout my research. Without you, this dissertation would never have
been possible. I am looking forward to extending my work with you in the future.
I would like to thank my dearest friend, Kim Ngan Tran, for her invaluable
friendship and support in difficult times and my fellow graduate students for their
friendship and assistance. I will always remember the great times we had.

iv

Lastly, I would like to thank the members of the Civil and Environmental
Engineering Department as well as the faculty, staff, and students that made my stay in
Columbia a great experience.

v

Abstract
Concrete is a major construction material that is largely made up of cement.
Unfortunately, the manufacturing process for the cement currently used to produce
concrete releases a great deal of CO2, which endangers the environment. Hence, finding
alternatives to ordinary Portland cement is of extreme importance. The intellectual
contribution of this dissertation is the development of an improved understanding of the
geopolymerization process so that the compressive strength of cement can be maximized
while the need for external heating is minimized. The intent is to create a substance to
replace commonly used cement without sacrificing other beneficial properties.
The first study investigated the effects of activating solutions used to create the
cement, curing procedure, and source of fly ash on the resulting compressive strength.
Results of this experiment indicate that compressive strength is not significantly affected
by the curing conditions when silica fume is used in the activating solution in comparison
to the use of sodium silicate. Test results further indicate that the resulting concrete has the
potential for high compressive strength, and the compressive strength is directly affected
by the fly ash source.
In the second study the investigation focused on how the ratio of sodium hydroxide
ratio, external heat, and the partial replacement of Portland cement affected fly ash-based
geopolymer concrete. Experimentation showed that the application of external heat plays
a major role in compressive strength development of fly ash-based geopolymer concrete.
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Results also show that early and final compressive strength gains can be improved by using
Portland cement as a partial replacement for fly ash in the absence of external heat.
Scanning Electron Microscopy (SEM) results show that Portland cement utilized the free
water, resulted of geopolymerization reaction, reducing microcrack formation and also
provided extra alkalinity such as calcium hydroxide.
The third study focused on investigating the effects of particle size distribution and
varying sources of fly ash on the mechanical and microstructural properties. Test results
indicate that, within the range of materials investigated, compressive strength is linearly
related to the average particle size distribution and the source of fly ash has a significant
effect on the mechanical properties.
The last study investigated the geopolymerization process itself. Acoustic emission
data was processed through pattern recognition, and two clusters were identified and
assigned to specific mechanisms. Results show a significant difference between the twodifferent

water/binder

weight

ratios.

Pattern

recognition

indicated

that

the

geopolymerization mechanisms of dissolution (of Si and Al cations), formation of bubbles,
and microcrack initiation, occurred at roughly the same time for the samples of 0.3
water/sold ratio. However, in the 0.35 water/sold ratio of paste samples the mechanisms
occurred sequentially. Microcrack initiation classified by pattern recognition coincided
with the final setting times.
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Chapter 1
Introduction

1

A significant amount of concrete is used in construction around the world and
Portland cement is one of the main constituents. Due to the very high temperatures required
for the manufacture of Portland cement, vast amounts of energy are utilized for this
ubiquitous construction material. Approximately one ton of carbon dioxide [1] is released
with the production of each ton of Portland cement. Portland cement industries also
contribute 5% to 7% of total worldwide CO2 emissions [2]. In recent decades, a sustainable
development has become the focus of many scientists and engineers. Therefore, the quest
for alternatives to this technology has accelerated.
One potential alternative to Portland cement-based concrete is fly ash-based
geopolymer concrete (FGC). Fly ash-based geopolymer concrete will have the potential to
reduce Portland cement usage while mirroring the compressive strength and durability
characteristic of concrete conventional [3,4]. Many studies have shown that FGC
demonstrates beneficial and diverse properties in certain circumstances. For example, FGC
has shown good resistance against acid and sulfate attack, high early age strength, and good
performance in high temperatures [5-12]. It has been proven recently that FGC can achieve
high early and final compressive strength in ambient curing conditions, and good
workability when additives are incorporated such as Portland cement, calcium hydroxide,
or ground, granulated blast furnace slag [13].
FGC is an inorganic polymer, which is produced by the reaction of aluminosilicate materials with alkaline solutions and the addition of conventional coarse and fine
aggregate. FGC makes use of fly ash, which is a good source of alumino-silicate and is
also a prevalent waste material. While the study described is focused on the use of fly ash,
other waste materials such as slag cement may also be utilized [14, 15]. FGC is generally
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agreed to be less deleterious to the environment than Portland cement-based concrete;
however, more work to quantify this assertion is warranted.
A significant number of research studies have been conducted on FGC wherein
sodium silicate was utilized in the activating solution [16, 17, 18, 19], as is also the case
for alkali activated slag [20, 21]. In contrast, relatively few studies have investigated the
combination of silica fume and sodium hydroxide as the activating solution [22]. Issues
noted with the use of sodium silicate in the activating solution include relatively low
workability and lower compressive strength when compared to conventional Portland
cement-based concrete, considered as 21 MPa (3,000 psi) to 41 MPa (6,000 psi). Both
activating solutions have the same major chemical components including Na2O, and SiO2.
However, the main differences are: 1) the process of manufacturing, for instance sodium
silicate solution is subjected to high temperature between 1100 ⁰C and 1200 ⁰C (2012 ⁰F
and 2192 ⁰F), and then subjected to high pressure, and 2) the ratio of Si/Na in the activating
solution where the ratio is higher in the silica fume-based solution than the sodium silicate
based solution. The strength of FGC has been noted to be improved when external heat in
the range of 75 ⁰C (167 ⁰F) is applied early in the curing process. It is mentioned that the
application of some external heat early in the curing process is feasible and relatively
common for precast/pre-stressed concrete applications.
In addition to the materials utilized in the activating solution, the chemical
composition of the fly ash itself varies considerably depending on the coal source and
technological processes used. These factors may significantly affect the resulting FGC
properties [23]. Comparisons between different activating solutions and sources of fly ash
are not widely available. Additionally, few researchers have investigated the effect of using
3

Portland cement to partially replace fly ash or the effect it has on the compressive strength
and durability of fly ash-based geopolymer concrete [24, 25]. The most expensive
components in fly ash-based geopolymer concrete are sodium hydroxide and external heat.
The need for external heat during the curing process limits fly ash-based geopolymer
concrete applications to primarily pre-stressed and precast concrete applications due to the
fact that these types of processes already have external heat systems in place.
Consequently, sodium hydroxide concentration [26-28] and the effects of external heat [2933] have been more frequently investigated.
Studies have been conducted to investigate the effect of the sources of fly ash
sources and chemical composition. For instance, the effect of the type and source of the fly
ash on the final properties of the geopolymer matrix has been studied. It was found that
some unreacted fly ash particles play dominant roles in the performance of the newly
formed microstructure [34]. Fernandez-Jimenez et al. have shown that perfect spheres,
particle size distribution, and type of activating solution can significantly affect the
geopolymerization process [35]. X-ray diffraction, compressive strength, RAMAN
spectroscopy, and setting time were gauged to determine the effect of particle size
distribution (PSD) and chemical composition of different fly ash sources on the fresh and
hardened geopolymer properties. Several factors, including PSD, played a significant role
[36]. Tmuujin et al. studied the effect of mechanical activation of one type of fly ash on
the mechanical activation of other types of fly ash. It was reported that the mechanical
activation of fly ash enhanced the reactivity of fly ash with the alkaline liquid [37].
Furthermore, upon investigation of the effect of fly ash on the rheology and strength
development of fly ash-based geopolymer concrete and paste, the fly ash spherical particles
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were proven to have a significant impact on both [38]. S. and R. Kumar, who studied the
effect of mechanically activated fly ash and non-linear dependence on the particle size and
reactivity of the fly ash, reported that the mechanically activated fly ash increased the
compressive strength properties [39]. Several tests were utilized including scanning
electron microscopy, X-ray fluorescence, X-ray diffraction, and Fourier transform infrared
to observe the effect of fly ash and palm oil fuel ash on the compressive strength of
geopolymer concrete. It was observed that particle shape, surface area, and chemical
composition played a dominant role in the density and compressive strength of geopolymer
mortar [40]. In his study of the variation of chemical composition and particle size
distribution, Gunaskara et al., observed that the chemical composition and carbon content
were the reasons for varied compressive strength results [41].
However, the studies mentioned above failed to investigate the effects of
different particle size distribution from the same fly ash source on the mechanical and
microstructural properties. Neither they have there been studies on the absorption and
permeable voids ratio of geopolymer concrete, which may help to predict the durability of
long-term performance.
Isothermal calorimetry, non-contact complex resistivity [42], scanning electron
microscopy [43, 44], thermo-gravimetric, ultrasonic methods [45, 46], and X-ray computed
tomography [47] have been conducted to monitor the early Portland cement hydration
process. However, these methods are limited based on their destructive nature or physical
size constraints. On the other hand, acoustic emission is able to monitor the hydration
process continuously and nondestructively with a larger specimen size than the other
methods. Acoustic emission monitoring has been utilized to monitor the early hydration
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process of different types of cement such as calcium aluminate in paste samples [47-49].
The results were characterized and assigned to hydration mechanisms and compared to
results gained by X-ray tomography. Monitoring via acoustic emission has been utilized in
some geopolymer concrete applications. For instance, it was used to monitor a steel
composite beam with a layer of geopolymer concrete on the tension side [50]. Spalling and
cracking events of two fly ash based geopolymer concrete samples were observed during
a fire test by acoustic emission technique [51] proving this to be a highly effective method.
Even though there are several studies dedicated to investigating the
geopolymerization process, they are still ambiguous and need to be better understood in
order to enhance the chemical, microstructural, and mechanical properties. Generally,
researchers have assigned the mechanism stages regardless of the time and temperature
throughout the geopolymerization process. Understanding the time when specific steps
occur, and when the geopolymerization process initiates, will help to better understand and
further the development of geopolymer concrete.
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Chapter 2
Objectives and Scope
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The main objectives are a) to improve the mechanical properties and related
durability characteristics such as compressive strength, voids ratio, and permeable voids
ratio; and b) to potentially widen real-world applications of geopolymer concrete through
investigating factors related to the need for external heating.
A comparison between different activating solutions and sources of fly ash are
not widely available. The first study aims to address some of the current gaps in knowledge
by investigating the effects of activating solution type, curing procedure, and source of fly
ash in relation to the resulting compressive strength of fly ash based geopolymer concrete.
To achieve the first objective, different activating solutions, curing conditions, and fly ash
sources were investigated. Compressive strength results using sodium silicate (common
activating solution) and silica fume in the activating solution were compared, and the effect
of different fly ash sources and curing conditions were investigated. To gain further insight,
the microstructure was observed by Scanning Electron Microscopy (SEM). To address and
gain a better understanding of potential durability considerations, density, absorption and
voids were measured in general conformance with ASTM (C 642-06). The effect of the
source of fly ash and particle size distribution was also investigated.
The majority of the literature has neither investigated the effects of different
particle size distribution for the same fly ash source on the mechanical and microstructural
properties nor absorption. Therefore, the second study for the first objective focused on
investigating the effects of particle size distribution for the same fly ash source and sources
of fly ash on the mechanical and microstructural properties. Two fly ash sources were
included in the study; ordinary McMeekin and Wateree Station fly ash. McMeekin fly ash
has three different fly ash particle grades, including the ordinary McMeekin fly ash (38.8

15

µm), Spherix 50 (17.9 µm), and Spherix 15 (4.78 µm). The microstructure of fly ash-based
geopolymer paste was observed using SEM. The density, absorption and permeable void
ratios were estimated based on ASTM C642.
Few publications have focused on the effect of different activating solutions
such as silica fume and sodium hydroxide on the resulting properties of fly ash based
geopolymer concrete. In addition, the effect of partial Portland cement replacement on
early compressive strength, density, and permeable voids ratio has not been studied. To
achieve the second objective, investigations were focused on the dominant factors for early
strength gains and final compressive strength of FGC-silica fume with the goal of
minimizing the need for external heat. The effects of sodium hydroxide ratio, external heat
amount, and partial Portland cement replacement on fly ash-based geopolymer concrete
were investigated. The early compressive strength, density, absorption, and permeable
voids were measured, and the microstructure of the fly ash-based geopolymer paste was
observed and characterized.
Furthermore, in relation to the second objective, early geopolymerization was
investigated through acoustic emission monitoring during the process. Even though there
are several studies dedicated to investigating the geopolymerization process, it is still not
well understood. An improved understanding is needed to enhance the chemical,
microstructural, and mechanical properties. Most researchers have assigned the mechanism
stages regardless of the time and temperature throughout the geopolymerization process.
Understanding the time when specific steps occur, and when the geopolymerization
process initiates, will improve understanding and further the development of geopolymer
concrete. To improve our understanding, acoustic emission sensors were used to monitor

16

the early geopolymerization process for 80 hours, samples were prepared for scanning
electron microscopy (SEM), and Vicat penetration testing was conducted to observe final
setting times for the samples in conformance with ASTM C191 (ASTM C191 2013).
The scope of this work is limited to investigations of low calcium fly ash-based
geopolymer concrete for which the activating solution is a mixture of sodium hydroxide,
silica fume, and water.
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Chapter 3
Investigation of Early Compressive Strength of Fly Ash-Based Geopolymer
Concrete1

1

Lateef N. Assi, Edward (Eddie) Deaver, Mohamed K. ElBatanouny, Paul Ziehl, published (construction
and building materials journal 112, 807-815)
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Abstract
Development of sustainable construction materials has been the focus of research
efforts worldwide in recent years. Concrete is a major construction material; hence, finding
alternatives to ordinary Portland cement is of extreme importance due to high levels of
carbon dioxide emissions associated with its manufacturing process. This study
investigates the effects of the type of activating solution used, the curing procedure, and
the source of the fly ash used to determine their relation to the resulting compressive
strength of fly ash-based geopolymer concrete. The fly ash-based geopolymer paste
microstructure was observed and density, absorption, and voids were measured. Two
activating solutions were used: a) a mixture of sodium hydroxide, silica fume, and water;
and b) a mixture of sodium hydroxide solution, sodium silicate, and water. Test results
indicate that the resulting concrete has the potential for high compressive strength and the
compressive strength is directly affected by the source of fly ash. Results further indicate
that compressive strength is not significantly affected by the curing condition when silica
fume is used in the activating solution in comparison to the use of sodium silicate.
Keywords: alkali-activated fly ash concrete, geopolymer concrete, early compressive
strength, silica fume activating solution, sodium silicate activating solution
3.1. Introduction
A significant amount of concrete is used in construction around the world and
Portland cement is one of the main constituents. Due to the very high temperatures required
for the manufacture of Portland cement, vast amounts of energy are utilized for this
ubiquitous construction material. The production of each ton of Portland cement releases
approximately one ton of carbon dioxide [1]. Portland cement industries also are
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responsible for 5% to 7% of total worldwide CO2 emissions [2]. In recent decades,
scientists and engineers have begun to focus on a sustainable alternative, inspiring the quest
for new developments in this technology to accelerate.
One potential alternative to Portland cement-based concrete is fly ash-based
geopolymer concrete (FGC), which may have the potential to reduce Portland cement
usage while mirroring it’s compressive strength and durability characteristics [3,4]. Many
studies have shown that FGC can demonstrate beneficial and diverse properties. For
example, FGC has shown good resistance against acid and sulfate attack, high early age
strength, and good performance in high temperatures [5-12]. It has been proven recently
that FGC can achieve high compressive strength in early and final stages. This is also true
under ambient curing conditions. Good workability is achieved when additives are
incorporated such as Portland cement, calcium hydroxide, or ground granulated blast
furnace slag [13]. FGC is an inorganic polymer, which is produced by the reaction of
alumino-silicate materials with alkaline solutions and the addition of conventional coarse
and fine aggregate. FGC makes use of fly ash, which is a good source of alumino-silicate
and is also a prevalent waste material. While the study described is focused on the use of
fly ash, other waste materials such as blast furnace slag may also be utilized [14, 15]. FGC
is generally agreed to be less deleterious to the environment than Portland cement-based
concrete; however, more work to quantify this assertion is warranted.
A significant number of research studies have been conducted on FGC wherein
sodium silicate was utilized in the activating solution [16, 17, 18, 19], as is also the case
for alkali activated slag [20, 21]. In contrast, relatively few studies have investigated the
combination of silica fume and sodium hydroxide as the activating solution [22]. Issues
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noted with the use of sodium silicate in the activating solution include relatively low
workability and lower compressive strength when compared to conventional Portland
cement-based concrete, which is 21MPa (3,000 psi) to 41 MPa (6,000 psi). Both activating
solutions have the same major chemical components including Na2O, and SiO2. However,
the main differences are: 1) the process of manufacturing, for instance sodium silicate
solution is subjected to high temperatures, between 1100⁰C and 1200⁰C (2012⁰F and
2192⁰F), and then subjected to high pressure, and 2) the ratio of Si/Na in the activating
solution where the ratio is higher in the silica fume-based solution than the sodium silicatebased solution. The strength of FGC has been noted to be improved when external heat in
the range of 75⁰C (167⁰F) was applied early in the curing process. It is mentioned that the
application of some external heat early in the curing process is feasible and relatively
common for precast/pre-stressed concrete applications.
In addition to the materials utilized in the activating solution, the chemical
composition of the fly ash itself varies considerably depending on the coal source and
technological processes used, and these factors may significantly affect the resulting FGC
properties [23]. Comparisons between different activating solutions and sources of fly ash
are not widely available. This study aims to address some of the current gaps in knowledge
by investigating the effects of the type of activating solution, the curing procedure, and the
source of fly ash in relation to the resulting compressive strength of FGC.
This paper compares compressive strength results obtained for FGC using either
sodium silicate or silica fume in the activating solution. One significant finding is that the
use of silica fume in the activating solution increases the compressive strength in
comparison to the use of sodium silicate in the activating solution. This may potentially be
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due to the higher silica concentration and smaller particle size of silica fume. The effect of
different fly ash sources and curing conditions (samples stored either inside or outside the
molds till the test day) are also investigated. The results indicate that the source of the fly
ash has a significant effect on the resulting compressive strength. To gain further insight,
the microstructure was observed to identify the major differences between fly ash sources
by Scanning Electron Microscopy (SEM). To address and gain a better understanding of
potential durability considerations, density, absorption and voids were measured in general
conformance with ASTM (C 642-06) [24].
3.2. Materials and methods
In this section two experiments have been chosen from previous studies as the first
step. For FGC-silica fume, the mixture proportions followed Tempest et al. 2009 [22].
FGC-sodium silicate mixture proportions followed Lloyd and Rangan 2010 [18] due to
high compressive strength and moderate workability. However, the mixture proportions
were slightly changed to improve the compressive strength.
The materials used for fabrication of the FGC test specimens included fly ash
(ASTM class F), activating solution (either sodium hydroxide mixed with silica fume or
sodium hydroxide solution mixed with sodium silicate solution), and fine aggregate, water,
and super plasticizer (Sika ViscoCrete 2100). Two fly ash sources were utilized in the
investigation: a) Belews Creek, from a power station in North Carolina, and b) Wateree
Station, from a power station in South Carolina. The Wateree Station fly ash source was
processed differently from the Belews Creek source in that the Wateree Station source was
subjected to a proprietary carbon burn out process. Chemical compositions of both fly ash
sources are shown in Table 3.1. The activating solution used was either: a) silica fume

22

(Sikacrete 950DP, densified powder silica fume), sodium hydroxide (97-98 purity,
DudaDiesel), and water; or b) sodium silicate solution (NaO2 = 14.7%, SiO2 = 29.4%, and
water = 55.9%, PQ Corporation), sodium hydroxide solution (14 M), and water. Local
crushed coarse granite aggregates (Vulcan Materials) in a saturated surface dry condition
and local fine aggregates (Glasscock) were used. The gradation of coarse and fine
aggregate is provided in Table 3.2, and the proportions of the silica fume and sodium
silicate-based FGC are provided in Table 3.3.
X-ray Florence (XRF) and Thermal Gravimetric Analysis (TGA) were conducted
to investigate the effect of fly ash materials from the two sources on FGC-silica fume at
the Holcim (US), Inc. laboratory in Holly Hill, South Carolina. SEM observations were
conducted on fly ash-based geopolymer silica fume paste samples in the SEM Center at
University of South Carolina. Density, absorption and voids for FGC (silica fume and
sodium silicate based) were measured according to ASTM (C 642-06) at 7 days after
casting.
3.2.1 Activating solutions
For the silica fume based activating solution, sodium hydroxide flakes were
dissolved in water and silica fume powder was then added and stirred for two minutes. The
mixing of silica fume with sodium hydroxide and water resulted in an exothermic process
(in excess of 80⁰C [176⁰F]). The activating solution was kept in a closed container in an
oven at 75⁰C (167⁰F) for 12 hours to assure that the sodium hydroxide flakes and silica
fume powder were completely dissolved. The water/binder ratio (w/b) was calculated as
28%. This ratio was calculated by dividing the water weight over summation of dried fly
ash, sodium hydroxide and silica fume weight.
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For the sodium silicate based activating solution, the sodium hydroxide solution
(14 molarity concentration) was prepared by dissolving sodium hydroxide flakes in water
and kept for at least 24 hours in ambient conditions. The sodium hydroxide and sodium
silicate solution were then mixed together. The resulting solution was stored at ambient
temperature for a period of at least 24 hours, and then the extra water was added prior to
mixing of activating solution with the dry ingredients (fly ash, fine aggregates, and coarse
aggregates). Therefore, the water/binder (w/b) ratio of 22% was calculated by dividing total
water weight (55.9% of weight of sodium silicate, the water of sodium hydroxide solution,
and the extra water [22.5 kg/m3 (1.4 lb/ft3)]) by weight of fly ash, sodium hydroxide flakes,
14.7% of sodium silicate for NaO2, and 29.4% of sodium silicate for SiO2 weight. It is
worth noting that using higher w/b for FGC-sodium silicate will reduce the compressive
strength drastically.
Mixing sodium silicate and sodium hydroxide solution does not result in significant
exothermic heat. Since both sodium silicate and sodium hydroxide are in liquid state,
external heat was not required for solution preparation, unlike the silica fume based
activating solution described above.
3.2.2 Casting and curing
The dry ingredients (fly ash, fine aggregates, and coarse aggregates) were mixed
for three minutes. The activating solution, which include the water, was then added to the
dry mixture and mixed for five minutes. Cylinders with dimensions of 76 mm x 152 mm
(3 in. x 6 in.) were cast by adding three lifts of concrete and rodding 60 times per lift with
a 9.5 mm (0.3 in.) diameter rod [8]. The size of cylinders was chosen according to ACI
211.1-91 [25]. All specimens were externally vibrated for a period of 10 seconds [8]. For
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FGC-silica fume, the specimens were left in ambient condition for two days and then
heated for a period of two days in an oven at 75 ⁰C (167⁰F) [17]. For FGC-sodium silicate,
the specimens were left for one day in ambient conditions and were then heated for a period
of two days in the same oven at 75 ⁰C (167 ⁰F). The difference in aging time prior to
placing in the oven is reported, but is not believed to be significant. Compressive strength
testing was conducted at seven days after casting in all cases.
A total of forty FGC cylinders were mixed, cast, and conditioned. To enable the
calculation of standard deviation four specimens of each type were prepared. One factor
was altered while other factors were held constant [26]. The specimen nomenclate is
described in the footnote to Table 3.4. Three variables were investigated: a) type of
activating solution (either silica fume/sodium hydroxide/water or sodium silicate/sodium
hydroxide/water); referred to as either ‘silica fume’ or ‘sodium silicate’ based activating
solutions, SF or SS; b) the source of the fly ash (Belews Creek or Wateree Station), B or
W; and c) curing condition (cured inside the plastic cylinder molds or cured outside the
plastic cylinder molds, with mold removal performed just after the specimens were taken
out of the oven), IM or OM. For example, SF-W-IM-1 indicates silica fume based
activating solution, Wateree Station fly ash, cured inside the molds, batch number 1 of this
type.
The test matrix contained two different sets of replicates as follows: a) silica fume
based activating solution/Wateree Station fly ash/cured inside the molds (SF-W-IM), and
b) sodium silicate based activating solution/Wateree Station fly ash/cured outside the
molds (SS-W-OM). Replicate mixes are delineated with gray shading in Table 3.4. For the
Wateree Station fly ash source, all variables of activating solution type and curing
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condition were thoroughly investigated. For the Belews Creek fly ash source, two
combinations were studied (SF-B-IM and SS-B-OM).
3.3. Results and discussion
Results of the compressive strength testing are shown in Table 3.5, ranked in
descending order of compressive strength. The Wateree Station fly ash source in
combination with the silica fume based activating solution resulted in the highest values of
compressive strength regardless of the curing condition, with an average result of 105.0
MPa (15,240 psi) when curing was performed in the molds. The compressive strength
results for the silica fume/Wateree Station/in molds combination were quite repeatable,
with a difference of 2.1 MPa (351 psi) between the highest and lowest results (within
approximately 2% of the average result). To enable comparisons between the different
specimens, the highest compressive strength result [106.0 MPa (15,380 psi)] was chosen
as a reference. Other results are reported as a percent deviation from that baseline in the
far-right column of Table 3.5. A discussion of the effect of the type of activating solution,
the curing condition, and the fly ash source, is provided below.
3.3.1 Effect of activating solution type
The effect of different activating solution types is apparent by comparing SF-WIM-1, (silica fume based activating solution) 106.0 MPa [15,380 psi]); and SS-W-IM-1
(sodium silicate based activating solution, 38.5 MPa [5,580 psi]) in Table 3.5. The results
are shown graphically in Figure 3.1. The comparison shows that the compressive strength
is 64% lower when sodium silicate was used in place of silica fume in the activating
solution. This is attributed to the fact that geopolymer framework in fly ash-based
geopolymers consists of bonds between oxygen and silica; oxygen, silica, alumina; and
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oxygen, silica, alumina, and iron. The availability of readily available silica to form the
geopolymer chains is necessary for strong bonds within the polymer chains. The total
weight of Si/Na ratio of FGC-silica fume is 52%, while the ratio for FGC-sodium silicate
is 43%. This difference in the Si/Na weight ratio may contribute to the compressive
strength. In addition, the total weight ratios of Na/H2O of FGC-silica fume and FGCsodium silicate are 21%, and 42% respectively. In conclusion, the increase in the Si/Na
ratio and the reduction in the Na/H2O ratio may improve the compressive strength of fly
ash-based geopolymer concrete. As shown in Table 3.3, water/binder ratios are higher in
the FGC-silica fume than FGC-sodium silicate, which leads to the conclusion that the
water/binder ratio difference does not explain the reason for high compressive strength in
the FGC-silica fume samples. In Mix 3 (SS-W-OM-3), which is used to identify effect of
aggregate on the compressive strength, as shown in Table 3.3, the course/fine aggregate in
the FGC-sodium silicate was changed to 1:1 to investigate effect of gravel ratio. The
difference in compressive strength of specimens cast using Mix 2 (SS-W-OM-1) and Mix
3 (SS-W-OM-3) is approximately 7% which shows that no significant difference was
observed when the aggregate ratio was modified.
3.3.2 Effect of curing condition
The Wateree fly ash source was used for all curing condition comparisons. The
effect of different curing conditions on FGC-silica fume is apparent by comparing SF-WIM-1 (cured in molds; 106.0 MPa [15,380 psi]) and SF-W-OM (cured outside of molds;
93.8 MPa [13,600 psi]) in Table 3.5. The results are shown graphically in Figure 3.2. The
comparison shows that the compressive strength is 12% lower when the specimens were
cured outside the molds. An opposite trend was observed for the specimens of FGC-sodium
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silicate. By comparing SS-W-OM-1 (cured outside of molds; 60.7 MPa [8,800 psi]) and
SS-W-IM-1 (cured in molds; 38.5 MPa [5,580 psi]) in Table 3.5 (shown graphically in
Figure 3.3), it can be seen that curing in the molds resulted in a 37% reduction in
compressive strength.
The reason for the slight difference in the FGC-silica fume results is attributed to
the high rate of polymerization reaction; therefore, the compressive strength is only slightly
affected when specimens are cured outside the molds. For FGC-sodium silicate, the degree
of polymerization may be higher, and the significant difference in compressive strength
may be attributed to an expansion which may produce micro-cracking if the sample is kept
in a constrained container. Further studies are recommended to aid in the explanation of
differences in compressive strength when curing conditions are changed.
3.3.3 Effect of fly ash source
The effect of different fly ash sources on the resulting compressive strength of
FGC-silica fume is apparent by comparing SF-W-IM-1 through SF-W-IM-3 (Wateree
Station fly ash source; average of all three specimens = 105.1 MPa [15,240 psi]) and SFB-IM-1 (Belews Creek fly ash source; 43.8 MPa [6,350 psi]) in Table 3.5. The comparison
shows that the compressive strength increased by 58% when the Wateree Station fly ash
source was utilized. This significant increase in compressive strength associated with the
Wateree Station fly ash was not expected and the reason for this dramatic increase is not
entirely clear. It is noted that the Wateree Station source was subjected to a carbon burn
out process while the Belews Creek source was not. This unexpected increase in
compressive strength prompted further chemical and petrographic analysis, SEM
observations, as well as absorption and void space ASTM (642-06) testing, as described
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further below. The results of the comparison of SF-W-IM and SF-B-IM are shown
graphically in Figure 3.4.
3.3.3.1 X-Ray Florescence (XRF) and Thermal Gravimetric Analysis (TGA)
The chemical and physical characteristics of FGC-silica fume made using different
fly ash sources, the Wateree Station fly ash (SF-W-IM-1, Table 3.5) and the Belews Creek
Station fly ash (SF-B-IM-1, Table 3.5), were further investigated in an attempt to
understand the difference in compressive strength.
The chemical differences between the two specimens (SF-W-IM-1 and SF-B-IM1) were investigated by conducting x-ray florescence (XRF) as shown in Table 3.6 using
fused bead analysis. In addition, thermal gravimetric analysis (TGA) was used to look at
powdered paste samples prepared using both fly ashes in combination with the entire binder
system (rather than just the fly ash powder component) to examine the total reaction
products. The XRF analysis method was used for chemical analysis of the fly ash, while
the TGA method used coal analysis for the fly ash to focus on the determination of carbon
and sulfur.
The results of XRF showed that the binder system containing the Wateree Station
fly ash did have 4.58% more silica dioxide (SiO2) and 2.54% more aluminum oxide
(Al2O3) per weight of binder than the binder system containing the Belews Creek fly ash.
The SiO2/Al2O3 ratios of both fly ash sources were almost the same. The Wateree Station
fly ash binder system had a ratio of 2.19% while the Belews Creek binder system had a
ratio of 2.22%. This indicates that the ratios were fairly consistent, but the Wateree fly ash
binder system had more SiO2 and Al2O3 to form reaction products when introduced to the
sodium hydroxide (NaOH) and silica fume activator in the form of Si-O and Si-O-Al-O-
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polymer chains. The calcium oxide (CaO) and sulfur in the form of (SO3) were also higher
in the Belews Creek binder system. They are not considered in the reaction products
contributing to compressive strength and could be considered as dilution products by
reducing the total amount of SiO2 and Al2O3 available when compared to the Wateree fly
ash. This is only a theory, but considering that there is less SiO2 and Al2O3 in the Belews
Creek ash to form reaction products, it could contribute to some of the lower compressive
strength results.
Both powder paste samples did show very high alkali levels with both showing
levels at 8.7%. This is expected due to the use of sodium hydroxide (NaOH) as part of the
activating solution. However, the high alkali levels reported in the XRF analysis are
important to mention due to the potential of alkali silica reactivity when utilized in some
concrete systems.
TGA was used to determine the differences in SO3 and carbon (C) content between
the two samples. In terms of dilution factors the results showed that the Wateree Station
based powdered paste had a higher content of both compounds, but the percentages of these
compounds in the systems are very small and probably have little to do with the
compressive strength differences when used in concrete. However, the higher carbon
content in the Wateree Station based paste is probably the reason for the darker color seen
in both the paste and concrete samples.
The concrete samples investigated were from two broken 75 mm x 150 mm (3 in.
x 6 in.) cylinders, as shown in Figure 3.5, that were previously tested for compressive
strength. One was from concrete made using the Wateree Station fly ash source which had
a compressive strength of about 106 MPa (15,300 psi), SF-W-IM-1, and the other from
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concrete made using the Belews Creek fly ash source resulting in compressive strength of
about 43 MPa (6,350 psi), SF-B-IM. It was observed that the paste fraction of the Wateree
fly ash was darker in color. Both samples were cut along the longitudinal axis and polished
for petrographic analysis with three random areas selected for microscopic examination as
shown in Figure 3.6.
Observations noted were that the coarse aggregate in the Belews Creek samples
had larger aggregate particles and may have been from a different aggregate source or may
have been blended in with the same aggregate source as the Wateree Station sample.
However, the differences in the coarse aggregate did not appear to have contributed to the
differences in the compressive strength due to the sharp clean aggregate fractures along the
failure planes of both samples.
The paste density appeared similar in both concretes and was noted as being very
dense when compared to conventional concretes, but the paste uniformity seemed to look
better in the higher strength concrete [SF-W-IM-1]. The paste contrast did look sharper
and less muted in the Wateree Station sample, which may suggest a higher percentage of
glass dissolution that took place during the chemical process between the fly ash and the
activating solution.
The overall hardened air volume and void size looks slightly larger in the Belews
Creek sample. Still, both concrete samples had very low air contents, which were in the
range of 1% or less. The differences in air content in combination with differences in glass
dissolution and chemical dilution factors of non-reactive materials in the fly ashes may
have caused the differences in compressive strength. However, additional research is
warranted to better understand the reasons of the compressive strength differences.
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3.3.3.2 Scanning Electron Microscopy (SEM) observations
To investigate the microstructure of FGC-silica fume and the differences when
different fly ash sources were used, two fly ash-based geopolymer pastes were prepared.
The fly ash-based geopolymer paste samples were cast at the same time and in the same
environment, according to the procedure explained in the materials section above. The
activating solution of silica fume, sodium hydroxide, and water was prepared as described
in the material section. It was then mixed with each of the two different fly ash sources
(Wateree Station or Belews Creek). The two paste samples were kept for two days at
ambient temperature and were then heated for two days at 75⁰C (167⁰F). The SEM
observations were conducted in the Microscopy Center at the University of South Carolina.
SEM observations were conducted on the 7th day after the fly ash-based geopolymer paste
samples were created. Figure 3.7.A shows that the Wateree Station fly ash paste is
completely dissolved and reacted with the activating solution. Compared to the Belews
Creek fly ash paste sample shown in Figure 3.7.B, the Wateree sample appears free of
voids and is relatively dense. On the other hand, for fly ash-based geopolymer paste with
Belews Creek fly ash, Figure 3.7.D shows that there is some fly ash that has not yet reacted,
unlike the sample from Wateree which is shown in Figure 3.7.C. The fly ash in the Belews
Creek sample that did not react may have been caused by one of two reasons: 1) Particle
size distribution, shown in Figure 3.8, where Wateree Station fly ash is finer than Belews
Creek fly ash or 2) Some of the Belews Creek fly ash particles were isolated from the
activating solution (within cenospheres), which may have delayed the polymerization
process. The average particles size for Wateree and Belews Creek fly ash is 16.2 and 20.3
μm respectively with difference in value of 26%. This leads to a higher polymerization rate
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due to a larger surface area. Therefore, it can be deduced that the source of the fly ash not
only affects the reaction between the activating solution and fly ash, which may reduce the
compressive strength of FGC, it may also affect the durability of resulting FGC-silica fume
concrete due to high apparent voids. As shown in the figures, there is a significant
difference in the number of voids when the fly ash source was changed.
3.3.3.3 Absorption and void space results (ASTM C 642-06)
The differentiation between the performances of the two types of fly ash lead to
further investigation of the absorption and void space of FGC specimens fabricated with
the two different activating solutions (silica fume/sodium hydroxide or sodium
silicate/sodium hydroxide) and two different fly ash sources, Wateree Station and Belews
Creek.
New samples were cast using combinations of the two factors shown in Table 3.7.
The samples were cast and cured following the same procedures described previously. Four
samples of each specimen were tested. The tests were performed on the 7th day after casting
in each case. The main purpose of this test was to investigate the effect of different fly ash
sources on the absorption, density, and voids of FGC-silica fume and FGC-sodium silicate.
The relationship between the compressive strength and the total permeable voids space
(ASTM C 642-06) was also studied.
As shown in Table 3.7 and Figure 3.9, specimens with Belews Creek fly ash
had higher absorption and volume of permeable pore space in both FGC activating
solutions. FGC with Wateree Station fly ash has a lower volume of permeable pore space
in comparison with results of conventional concrete found in the literature [27]. Figure 3.10
shows a clear correlation between the volume of permeable pore space and compressive
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strength. When the same activating solution is used in mixtures using both sources of fly
ash, an increase in the rate of absorption and volume of permeable pore space is associated
with a decrease in compressive strength. In addition, the bulk and apparent density
increased when Wateree Station fly ash was used regardless of the activating solution type.
This test shows that FGC with Wateree Station fly ash is denser than FGC with Belews
Creek fly ash, i.e. fewer and/or smaller voids exist in the Wateree Station fly ash FGC.
This observation is in agreement with, and confirms, the reported SEM observations.
3.4 Conclusions
1.

A significantly high early compressive strength was achieved (around 105.1

MPa [15,240 psi]) with fly ash-based geopolymer concrete (FGC) using Type F fly ash and
silica fume activating solution. The cementitious materials content was 100% fly ash (no
Portland cement). This shows the promise of developing and using this alternative concrete
to replace ordinary Portland cement concrete. However, the use of heat during the curing
period may, for the near future, limit applications of this material to precast concrete.
2. The use of silica fume based activating solution resulted in higher compressive
strength values as compared to similar specimens cast using sodium silicate based
activating solution.
3. Curing conditions (cured inside or outside the molds) did not have a significant
effect on the compressive strength when silica fume was used in the activating solution.
For these specimens, curing outside of the molds resulted in lower compressive strength.
The opposite trend was observed when sodium silicate was used in the activating solution,
where significantly higher compressive strength values were achieved in specimens cured
outside the molds.
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4. The use of different fly ash sources (Wateree Station fly ash versus Belews Creek
fly ash) had a significant impact on the compressive strength of fly ash-based geopolymer
concrete (FGC) due to particle size distribution difference and isolated fly ash particles
(entrapped within cenospheres), which led to significant differences in the microstructure
as well.
5. Samples fabricated with the Wateree Station fly ash resulted in less absorption
after immersion and volume of permeable voids space than samples fabricated with the
Belews Creek fly ash source.
It is noted that this study did not investigate potential concrete material degradation
mechanisms associated with the use of external heat curing, such as delayed ettringite
formation (DEF), or the high alkalinity of the concrete, such as alkali-silica reaction (ASR).
However, DEF in FGC with fly ash Type F is less likely to occur because the calcium oxide
component is low (around 4% of the total material). If fly ash Type C is used, DEF may
affect the sustainability of the concrete. The high alkalinity of FGC promotes ASR
degradation; therefore, only aggregates known to have low propensity for reactivity should
be considered for use in FGC.
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Tables:
Table 3.1 XRF chemical analysis of fly ash
Chemical analysis
Silicon Dioxide
Aluminum Oxide
Iron Oxide
Sum of Silicon Dioxide, Aluminum Oxide
Calcium Oxide
Magnesium Oxide
Sulfur Trioxide
Loss on Ignition
Moisture Content
Total Chlorides
Available Alkalies as NaO2

Belews Creek Station, wt.%
50.2
26.4
10.0
86.41
4.3
1.3
0.9
2.0
0.1
<0.002
0.7

Wateree Station wt.%
53.5
28.8
7.5
89.8
1.6
0.8
0.1
3.1
0.1
------0.8

Table 3.2 Gradation of coarse and fine aggregate
Sieve (mm)

Coarse aggregate % passing

Fine aggregate % passing

16.0

100.0

100.0

12.5

99.5

100.0

9.50

85.3

99.8

4.75
2.36
1.18
0.43
0.30
0.15
Pan

28.8
5.5
1.3
0.7
0.7
0.5
0.0

99.5
97.9
90.4
37.2
20.0
1.6
0.0
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Table 3.3 Mixture proportions
Concrete
type
Mix 1:
silica fume
based
activating
solution
Mix 2:
sodium
silicate
activating
solution *
Mix 3:
sodium
silicate
activating
solution

Fly
ash,
kg/m3
(lb/ft3)

Water,
kg/m3
(lb/ft3)

w/b
ratio

Sodium
hydroxide,
kg/m3
(lb/ft3)

Silica
fume,
kg/m3
(lb/ft3)

Sodium
silicate,
kg/m3
(lb/ft3)

Coarse
agg.,
kg/m3
(lb/ft3)

Fine
agg.,
kg/m3
(lb/ft3)

SP%
of fly
ash

474
(29.6)

163
(10.2)

0.28

61.6
(3.8)

46.2
(2.9)

-

793
(49.5)

793
(49.5)

1.5

0.22

41
(2.6)

-

103
(6.4)

1110
(69.2)

739
(46.1)

1.5

0.22

41
(2.6)

-

103
(6.4)

922.7
(57.6)

922.7
(57.6)

1.5

408
(25.5)

408
(25.5)

22.5
(1.4 )

*Mix 2 is used in all the compressive strength results other than SS-W-OM-3
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Table 3.4 Matrix of test specimens
Specimen
type
SF-W-IM 21

Activating solution
Silica
Sodium
fume
silicate

Fly ash source*
Wateree Belews
Station
Creek

Curing condition
Inside the
Outside the
molds
molds

Number of
specimens

X

X

X

4

SF-W-IM-2

X

X

X

4

SF-W-IM-3

X

X

X

4

SF-W-OM3

X

X

X

4

SS-W-OM41

X

X

X

4

SS-W-OM2

X

X

X

4

SS-W-OM3**

X

X

X

4

SF-B-IM 5

X

X

SS-W-IM 61

X

SS-B-OM7

X

X
X

X

4

X

4
X

*Both fly ash sources Type F
**Mixture No. 3 (Table 3.3)
Note: Shaded cells indicate replicate specimens
Note: Shaded cells indicate replicate specimens
SF= silica fume based activating solution
SS= sodium silicate based activating solution
W= Wateree fly ash
B= Belews Creek fly ash
IM= cured inside the molds
OM= cured outside the molds

2

SF-W-IM= silica fume based activating solution/Wateree fly ash/Inside the molds
SF-W-OM= silica fume based activating solution /Wateree fly ash/Outside the molds
4 SS-W-OM= sodium silicate based activating solution /Wateree fly ash/Outside the molds
5 SF-B-IM= silica fume based activating solution /Belews Creek fly ash/Inside the molds
6 SS-W-IM= sodium silicate based activating solution /Wateree fly ash/Inside the molds
7 SS-B-OM= sodium silicate based activating solution /Belews Creek fly ash/Outside the molds
3
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4

Table 3.5 Experimental results
Specimen
type

Activating
solution

SF-W-IM-1

Silica fume

SF-W-IM-2

Silica fume

SF-W-IM-3

Silica fume

SF-W-OM

Silica fume

SS-W-OM3**

Sodium
silicate
Sodium
silicate
Sodium
silicate

SF-B-IM-1

Silica fume

SS-W-OM-1
SS-W-OM-2

SS-W-IM-1
SS-B-OM

Sodium
silicate
Sodium
silicate

Fly ash
source

Curing
condition

Wateree
Station
Wateree
Station
Wateree
Station
Wateree
Station
Wateree
Station
Wateree
Station
Wateree
Station

Inside the
molds
Inside the
molds
Inside the
molds
Outside
the molds
Outside
the molds
Outside
the molds
Outside
the molds

Belews
Creek
Wateree
Station
Belews
Creek

Inside the
molds
Inside the
molds
Outside
the molds

*Average of four specimens
**Mixture No. 3 (Table 3)
Note: Shaded cells indicate replicate specimens
SF= silica fume based activating solution
SS= sodium silicate based activating solution
W= Wateree fly ash
B= Belews Creek fly ash
IM= cured inside the molds
OM= cured outside the molds
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Average*
compressive
strength at 7
days, MPa (psi)

Standard
deviation,
MPa (psi)

Deviation
below
reference
(%)

106.0 (15,380)

4.0 (580)

0.0

105.5 (15,300)

4.4 (635)

0.1

103.8 (15,050)

2.4 (350)

0.1

93.8 (13,600)

2.8 (410)

12

60.7 (8,800)

2.6 (380)

43

59.5 (8,630)

2.9 (425)

44

56.7 (8,210)

1.9 (280)

47

43.8 (6,350)

1.9 (285)

59

38.5 (5,580)

2.6 (380)

64

15.2 (2,200)

1.4 (210)

86

Table 3.6 XRF chemical analysis of paste
Wateree Station (SF-W-IM-1)
Sample
wt.%
55.4
25.4
4.6
0.6

Belews Creek Station SF-B-IM-1
(Sample)
wt.%
50.9
22.9
7.7
3.9

0.6

1.0

Sulfur Trioxide

0.1

0.6

Sodium Dioxide
Potassium Oxide
Total Alkali
Phosphate (P205)

7.4
2.1
8.7
0.1

7.0
2.7
8.7
0.3

Titanium Dioxide
Manganese Oxide

1.1
0.1

1.0
0.1

Compound
Silicon Dioxide
Aluminum Oxide
Iron Oxide
Calcium Oxide
Magnesium
Oxide

Table 3.7 Sample description and ASTM 642-06 results

Specimen
type

Activating
solution

Fly ash
source

SF-WIM-4
SF-B-IM2
SS-WIM-2

Silica
fume
Silica
fume
Sodium
silicate
Sodium
silicate

Wateree
Station
Belews
Creek
Wateree
Station
Belews
Creek

SS-B-IM

Bulk
density*
(dry),
g/cm3
(lb/ft3)
2.19
(137)
2.10
(131)
2.23
(139)
2.16
(135)

Apparent
density*
g/cm3
(lb/ft3)
2.48
(155)
2.46
(153)
2.49
(155)
2.46
(154)

*Average of four specimens
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Absorption
after
immersion*,
%

Volume of
permeable
pore
space* , %

Compressive
strength*,
MPa (psi)

5.0

11.7

106.1
(15,390)

6.1

14.6

43.9 (6,360)

4.3

10.0

60.6 (8,790)

5.3

12.2

17.2 (2,500)

Figures:
FGC-sodium silicate

FGC-silica fume

Compressive Strength (MPa)

120
100
80
60
40
20
0
1

Figure 3.1 Effect of activating solution type
(comparing SF-W-IM-1 to specimen SS-W-IM of Table 3.5)

W/O Mold

With Mold

Compressive Strength (MPa)

120
100
80
60
40
20
0
1

Figure 3.2 Effect of curing condition on FGC-silica fume
(comparing SF-W-IM-1 to SF-W-OM of Table 3.5)
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W/O molds

With molds

Compressive Strength (MPa)

120
100
80
60
40
20
0
1

Figure 3.3 Effect of curing on FGC-sodium silicate
(comparing SS-W-IM-1 to SS-W-OM of Table 3.5)
Belews Creek

Wateree Station

Compressive Strength (MPa)

120
100
80
60
40
20
0
1

Figure 3.4 Effect of fly ash source
(comparing SF-W-IM-1 to SF-B-IM-1 of Table 3.5)
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AAFC Silica
Wateree Station
106 MPa

AAFC Silica
Belews Creek
43 MPa
Location 1
Location 1

Location 2

Location 2

Figure 3.5 Prepared vertical test sections of FGC-silica fume
106 MPa
Wateree Station

Location 1

43 MPa
Belews Creek

1.0 mm/div

106 MPa
Wateree Station

Location 1

1.0 mm/div

Location 2

43 MPa
Belews Creek

1.0 mm/div

Location 2

1.0 mm/div

Figure 3.6 Micrograph images of FGC-silica fume
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B

A

C

D

A and C are Wateree fly ash paste
B and D are Belews Creek fly ash paste

Voids
Densified silica fume
Unreacted fly ash (centrosphere )

Figure 3.7 SEM observation: A) Wateree fly ash paste,
B) Belews Creek fly ash paste,
C) Wateree fly ash paste at higher magnification, and
D) Belews Creek fly ash paste at higher magnification

Figure 3.8 Fly ash particle size distribution
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FGC-sodium silicate, Wateree Station FGC-sodium silicate, Belews Creek

Volume of permeable pore space (%)

FGC-silica fume, Wateree Station

FGC-silica fume, Belews Creek

16
15
14
13
12
11
10
9
8
4

4.5

5

5.5

6

6.5

Absorption after Immersion (%)

Figure 3.9 Volume of permeable pore space and absorption
after immersion
FGC-sodium silicate, Wateree Station FGC-sodium silicate, Belews Creek
FGC-silica fume, Wateree Station

FGC-silica fume, Belews Creek

Compressive strength (MPa)

120
100
80
60
40
20
0
8

9

10

11

12

13

Volume of permeable voids space (%)

Figure 3.10 Volume of permeable voids space
and compressive strength correlation
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Chapter 4
Improvement of the Early and Final Strength of Fly Ash-Based Geopolymer
Concrete at Ambient Conditions8

8
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Abstract
There is an urgent need for a sustainable concrete that is environmentally friendly
and fly ash-based geopolymer concrete may well fill the void. However, the need for
external heat limits construction applications. Investigated in this study are the effects of
the ratio of sodium hydroxide used, the amount of external heat needed, and the partial
replacement of fly ash by Portland cement in a fly ash-based geopolymer concrete. The
early compressive strength, density, absorption, and permeable voids were measured, and
the microstructure of the fly ash-based geopolymer paste was observed and characterized.
The activating solution was a combination of silica fume, sodium hydroxide, and water.
Experimentation showed that the application of external heat plays a major role in
compressive strength. Results also show that early and final compressive strength gains, in
case of absence of external heat, can be improved by using Portland cement as a partial
replacement of fly ash. The Scanning Electron Microscopy (SEM) results show that the
Portland cement utilized the free water, which led to not only a reduction of the formation
of micro-cracks, but it also provided extra alkalinity, calcium hydroxide. Additionally, the
permeable void ratio is affected by the replacement of fly ash by Portland cement, showing
a significant reduction when the Portland cement ratio is increased.
Keywords: Fly ash-based geopolymer concrete, geopolymer concrete, early compressive
strength, partial Portland cement replacement, activating solution based silica fume
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4.1. Introduction
Portland cement has traditionally been a significant and vital element for the
fabrication of concrete components. This paradigm may change in the future as the
production of cement consumes a vast amount of energy while simultaneously releasing
very large amounts of CO2 [1, 2]. To combat these issues, a new interest has been placed
on discovering alternative materials and methods to produce a new kind of concrete.
Ideally, this new product will reduce the Portland cement component while demonstrating
equal or improved properties. Alkali-activated cement not only greatly reduces or
eliminates the use of Portland cement, thereby decreasing CO2 emissions, but also helps
utilize significant quantities of waste materials, such as fly ash.
Fly ash-based geopolymer concrete consists of a source of silica, such as fly ash,
and an activating solution; a mixture of sodium hydroxide, sodium silicate, and water as
well as fine and coarse aggregate. Several studies have been conducted to investigate fly
ash-based geopolymer concrete properties [2-7]. The results indicate that fly ash-based
geopolymer concrete has significant resistance to acid and sulfate attack, high early
compressive strength, and good performance under high temperatures. However, few
studies have been conducted on different activating solutions and their effects on fly ashbased geopolymer concrete performance [8,9].
Additionally, few researchers have investigated the effect of using Portland cement
to partially replace fly ash and the effect this change has on the compressive strength and
durability of fly ash-based geopolymer concrete [10, 11]. The most expensive components
in fly ash-based geopolymer concrete are sodium hydroxide and external heat. The need
for external heat during the curing process limits fly ash-based geopolymer concrete
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applications to primarily pre-stressed and precast concrete applications due to the fact that
these types of processes already have external heat systems in place. Consequently, sodium
hydroxide concentration [12-14] and the effects of external heat [15-19] have been more
frequently investigated.
Fly ash-based geopolymer research studies have generally used the most common
activating solution, a combination of sodium silicate and sodium hydroxide. The results,
particularly the compressive strengths and workability, were considerably lower when
compared to conventional concrete. Few publications have focused on the effect of
different activating solutions such as silica fume and sodium hydroxide on FGC. In
addition, the effect of partial Portland cement replacement on early compressive strength,
density, and the ratio of permeable voids has not been studied.
An alternative activating solution, a combination of silica fume and sodium
hydroxide was used in all mixtures. The term of Fly ash-based Geopolymer Concrete-silica
fume [FGC-silica fume] is used to differentiate the activating solution from the more
common one. This paper aims to investigate the dominant factors on the cost, early strength
gains, and final compressive strength of FGC-silica fume. In addition, the effects of partial
Portland cement replacement on the early and final compressive strength, density, and
permeable voids ratio were investigated. To investigate the chemical composition,
microstructure, and voids of Fly ash-based Geopolymer based-silica fume [FGP-silica
fume)], it was observed using a Scanning Electron Microscope (SEM).
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4.2. Materials and methods
In the experimental work, fly ash (ASTM Class F) obtained from Wateree Steam
Station in South Carolina was used in all the mixtures. The chemical composition was
determined using X-Ray Fluorescence (XRF) at Holcim’s Holly Hill plant in South
Carolina (Table 4.1). Silica fume powder (Sikacrete 950DP, densified powder silica fume)
was bought from a local supplier, and sodium hydroxide flakes (NaOH) with a purity of
97-98% were obtained from DudaDiesel. Local crushed granite coarse aggregate, (Vulcan
Materials) in saturated surface dry condition, in addition to fine aggregate (Glasscock) were
used, The gradations of course and fine aggregate are shown in Table 4.2. Super plasticizer
(Sika ViscoCrete 2100) at 1.5 % of the weight of fly ash was used to improve the
workability of the concrete.
Scanning Electron Microscopy (SEM) was used to observe the microstructure,
microcracks, and voids. SEM imaging was performed at the Electron Microscopy Center
(EMC) at the University of South Carolina. The absorption, density, and ratio of permeable
voids were measured according to the ASTM C 642-06 [20] procedure. The mixture
proportions for fly ash-based geopolymer concrete and paste are shown in Table 4.3.
4.2.1 Activating solution preparation
Sodium hydroxide flakes were dissolved in distilled water and stirred for three
minutes. Then silica fume powder was added, and the solution was mixed for another five
minutes. The mixing of sodium hydroxide, water, and silica fume resulted in an exothermic
reaction, raising the mixing temperature to about 80°C [176°F]. Once the mixing process
was complete, the activating solution was heated overnight in an oven at 75°C (167°F) to
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ensure that the sodium hydroxide solution and silica fume powder were completely
dissolved.
The saturated surface dry gravel and fine aggregates were measured and mixed with
dry fly ash for three minutes. These dried materials were then mixed with the activating
solution for another five minutes. The mixture procedure above was performed according
to [6,8,9], and 75 x 152 mm (3 x 6 in) plastic molds were used according to ACI 211.1-91
[21]. All the specimens were then vibrated for 20 seconds and kept at ambient conditions
for two days. Thereafter, all specimens were kept in an oven for two days, unless otherwise
mentioned in the description of the specimens.
4.3. Results and discussion
The compressive strength test results along with other identifiers are shown in
Table 4.4. The first two parts of this section focus on the factors that have effect on the cost
and compressive strength, such as external heat and sodium hydroxide. All other factors
are kept constant unless otherwise mentioned. The third part of the results and discussion
focuses on improving the early and final compressive strength in the absence of the external
heat using Portland cement as a partial replacement for fly ash. To investigate the
improvement when partial Portland cement replacement is used, SEM observations and
permeable pore characterization are described.
4.3.1 Effect of external heat
In this test, 16 samples (four samples at each respective temperature) were tested
to investigate the effect of external temperature on FGC-silica fume. The mixture
proportions are indicated in Table 4.3, and temperatures of 70 ° C (158°F), 45°C (113°F),
35 °C (95°F) , and 25°C (77°F) were chosen. The samples were kept at ambient conditions
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for two days after mixing and then they were put in the oven at the designated temperature
for an additional two days as described in the materials section. The samples were removed
from the oven, and kept at the ambient temperature until the compressive strength test was
completed. The compressive strength test was done after 7 days, and the test results are
shown in Figure 4.1. When the external temperature dropped from 70°C (158°F) to 25°C
(77°F), the compressive strength dropped by 70%. By comparing the compressive strength
of the samples at 45°C (113°F) and 25°C (77°F), the compressive strength had increased
by 55% at the 45°C (113°F) temperature. It can be concluded that using heat helps
accelerate the geopolymerization process and compressive strength gain for FGC.
In addition, this experiment indicates that FGC-silica fume is more suitable for hot
weather because with high average temperatures, between 40 and 45°C (104°F and 113°F),
a considerable compressive strength can be achieved (around 68.3 MPa [9,900 psi]) within
7 days. As a result, the compressive strength achieved is feasible to be used for most
engineering applications. It is also desirable for its shorter curing time, which is four times
less than the conventional concrete cure time of 28 days. Elimination of external heat, or
reduction in the required external heat, will not only reduce the total cost of fly ash-based
geopolymer concrete, it will also increase the number and amount of fly ash-based
geopolymer concrete applications. In addition, the reduction of required external heat has
the potential for reduction of CO2 emissions.
4.3.2 Effect of sodium hydroxide concentration
In this experiment, four different mixtures with different sodium hydroxide
concentrations were investigated. Other than the amount of sodium hydroxide, all other
materials proportions such as fly ash, heat, silica fume, and coarse aggregate were kept the
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same. Four samples were cast for each mix and the samples were kept in the lab for two
days. The samples were then exposed to an external temperature of 75°C (167°F) for an
additional two days, and then the compressive test was performed again at seven days. The
weight of sodium hydroxide and other fly ash-based geopolymer concrete mixture
proportions, which were mentioned earlier in Table 4.3, are considered as a reference.
As shown in Figure 4.2, the compressive strength of FGC-silica fume was
decreased by 100% when the weight ratio of sodium hydroxide to binder (fly ash, silica
fume, and sodium hydroxide) ratio was decreased by 75%. In addition, with 75% of sodium
hydroxide by weight, the compressive strength was around 54.5 MPa (7900 psi), which is
a suitable compressive strength for several civil engineering applications. When sodium
hydroxide to binder ratio is 50% the result is a much lower compressive strength,
measuring around 14 MPa (2000 psi).
The compressive strength reduction at lower sodium hydroxide concentrations is
postulated to be due to the lack of activation of fly ash due to the lack of chemical
interaction with the sodium hydroxide. The experiment is suitable to minimize the cost of
FGC-silica fume by adjusting the required amount of sodium hydroxide depending on the
required compressive strength.
4.3.3 Effect of Portland cement replacement
Two different sets of experiments were conducted to investigate the effect of
Portland cement replacement. The first set of experiments investigated the FGC-silica fume
compressive strength gains with and without external heat but using temperatures of 75°C
(167°F) and ambient lab temperature, approximately 21°C (69.8°F). For each group of
experiments, four samples were tested at each compressive strength at intervals of 1, 3, 7,
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14, 21, and 28 days, for a total of 24 samples. The compressive strength results are shown
in Figure 4.3. There is a distinctive compressive strength reduction when external heat was
not used. At 1, 3, and 7 days, the differences between the compressive strength of the
samples cured with and without external heat were 95, 98, and 99% respectively. In
addition, it is apparent that using external heat accelerates the hydration process of FGCsilica fume rapidly. For instance, a compressive strength of 82.7 MPa (12,000 psi) in one
day was able to be achieved. The low early compressive strength in the absence of external
heat may limit using FGC-silica fume in some civil engineering applications. Therefore,
the second phase of these experiments was introduced to improve the early compressive
strength as well as the final compressive strength.
Portland cement type (III), which was sourced from Holcim, was used as partial
replacement of fly ash, ranging at 5, 10, or 15% weight of fly ash. The compressive strength
tests were conducted at 1, 3, 7, 14 and 28 days, and the mixing procedure was similar to
the procedure described in the materials section. The results shown in Figure 4.4 indicate
that the early compressive strength of 15% of Portland cement samples at 1 day was
improved by more than 50% compared with the concretes that did not contain Portland
cement.
For comparison, 15% Portland cement replacement compressive strength will be
considered as a reference. The differences in compressive strength at 3 days using 0, 5, and
10% of Portland cement replacement were 92, 48, and 20% respectively. Moreover, the
differences started to be significant at seven days compressive strength, such as 82, 18, and
-1% for 0, 5, and 10% respectively. Finally, the compressive strength differences at 28 days
were 58, 17, and 11% for the same previously mentioned sequences. It can be seen that the
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cement replacement improved the early strength gains for all the percentages, as well as
the final strength at 28 days; however, using Portland cement will reduce the workability
of the final product. As a result, this method improves the early and final compressive
strength, which may enhance FGC-silica fume usages in civil engineering applications.
When Portland cement is used as a replacement at 10% it provides considerable early and
final compressive strength, i.e. 5 MPa (737 psi), 12 MPa (1731 psi), and 57 MPa (8320
psi) for 1, 3, and 28 days, respectively, as well as acceptable workability. This percentage
is recommended above the others due to these increases in comprehensive strength.
4.3.3.1 Discussion of Scanning Electron Microscopy (SEM) observations
The Fly ash-based geopolymer silica fume based [FGP-silica fume] paste samples
were cast at the same time and under the same conditions as explained in the materials
section above. The activating solution, a combination of silica fume, sodium hydroxide,
and water, were prepared according to the similar procedure discussed in the material
section. Once completed, the activating solution was mixed with the Wateree Station fly
ash. The main difference between the two pastes is that in one of the samples, 10% of fly
ash was replaced by an equivalent amount of Portland cement. The sample which did not
contain Portland cement (Tm25-100Na-0PC) and the sample containing 10% Portland
cement (Tm25-100Na-10PC), were kept at ambient conditions until the SEM observation
was performed on the seventh day (Figure 4.5) and again14 days later (Figure 4.6). Images
A and C are images of the sample that included 10% Portland cement replacement and
images B and D are images from the sample with only fly ash. From image A in Figure
4.5, it is observed that the fly ash particles are surrounded and covered with Calcium
Silicate Hydrate C-S-H (products from hydrated Portland cement), which means the
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reaction in fly ash-based geopolymer paste silica fume is still continuing and the reaction
is not completed. This is unlike the Portland cement hydrations, which are considered
mature. The reaction is faster than the sample that contained no Portland cement in the
absence of external heat. There are also a significantly higher number of microcracks
visible compared to the sample containing 10% Portland cement (image D in Figure 4.5
and 4.6). This suggests that the presence of microcracks in the 100% fly ash cement sample
is attributed to the expelled water [22]. The expelled water leads to the volume reduction
in this cement sample. As a result, microcracks will occur due to evaporation of expelled
water.
However, as shown in the formulas [23] 1 and 2, the hydration products such as
C3S and C2S, representing the majority of Portland cement compounds, will utilize the
expelled water to produce calcium silicate hydrate (C-S-H) and calcium hydroxide (CH).
These reactions not only utilize the expelled water, which reduces micro-crack formation
as shown in image C in the Figure 4.5 and 4.6, but it will also produce extra alkali (calcium
hydroxide), which enhances unreacted fly ash reaction.
2CaSiO5 (C3 S) + 7H2 O (expelled water) →

4H2 O (C − S − H) + 3Ca(OH)2 (CH)

2Ca2 SiO4 (C2 S) + 5H2 O (expelled water) →
Ca(OH)2 (CH)

3CaO ∗ 2SiO2 ∗

…..………............1

3CaO ∗ 2SiO2 ∗ 4H2 O (C − S − H) +

………….............2

By comparing it with fly ash-based geopolymer paste of with no cement (image B

and D) in the Figure 4.5 and 4.6, the sample, which does not contain Portland cement looks
like it contains more unreacted fly ash particles which probably contributed to the low early
and final compressive strengths. For FGP 10 % Portland cement paste (silica fume), image
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A and C in Figure 4.6 shows that the hydration process is more mature and the sample
appears free of voids and microcracks, when compared with images A and C in the Figure
4.5. The comparison between images C and D in Figure 4.5 confirms that the sample where
the 10% Portland cement replaced fly ash retains some unreacted fly ash and cement
particles, which may have an effect on the compressive strength and micro-cracking seen
at seven days. For the sample which has no Portland cement, the unreacted fly ash particles,
which are seen as higher than the sample with 10% Portland cement replacement, may be
due to lack of external heat (images A and B in the Figures 4.5 and 4.6). It can be concluded
that using external heat can accelerate the hydration process.
Portland cement can improve the early strength gains in the absence of external
heat because Portland cement reacts faster than fly ash, as shown in images A and C in
Figures 4.5 and 4.6. The rapid Portland hydration may provide the essential heat for
accelerating fly ash reactions and as a result, improve the early and final compressive
strength. In addition, as shown in the formulas above, Portland cement needs water to start
the hydration reaction. Portland cement will consume the expelled water from the
geopolymerization process. Expelling the water may reduce the micro-cracks due to a
relatively low volume reduction. The calcium hydroxide (CH) produced may react with
free fly ash particles and increase the rate of the geopolymerization process, which
enhances the early and final compressive strength. In Figure 4.6, four different images of
the same samples were captured after 14 days. The samples appear to be more mature and
have higher hydration and geopolymerization than those in Figure 4.5. In addition, there is
ettirngite formed in the Portland cement, which is almost completely dissolved in the fly
ash and activating solution products.
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4.3.3.2 Absorption and voids space
The main purpose of this test was to observe the effect of Portland cement (Type
III) being combined in various percentages replacing part of the fly ash in the mixture. In
the cases where 0, 5, 10, and 15% of the fly ash used was replaced with Portland cement,
characterization of the absorption and total permeable void space was conducted to identify
the relationship between the compressive strength and the total permeable void space. The
Portland cement (Type III) replacement of fly ash combinations are shown in Table 4.6,
and the experiment was conducted according to ASTM C 642-06 [21]. Four samples were
cast for each set and the samples were tested at 28 days. Table 4.6 tabulates the descriptions
of each mixture including their bulk, apparent density, absorption after immersion, volume
of permeable ratio, and compressive strength results.
It can be noted that using Portland cement reduces the volume of the permeable
void ratio and the absorption after immersion, as shown in Figure 4.6. Generally, by
comparing the mixture with no Portland cement replacement to one with 15%, the volume
of permeable void ratio was decreased by 7%. In addition, the absorption after immersion
was reduced by 23%. These ratios prove that the permeable void and immersion ratio were
decreased significantly, which can lead to the improvement of the durability of fly ashbased geopolymer concrete. Since FGC-silica fume has similar or less volume of
permeable pores in comparison to conventional concrete [24], the FGC-silica fume
durability can be a competitive alternative for Portland cement concrete. Figure 4.7 shows
a clear correlation between the absorption after immersion ratio and the compressive
strength. By comparing zero cement replacement to 15%, when the rate of absorption after
immersion ratio was increased by 23%, the compressive strength of FGC-silica fume was
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decreased by 58%. In addition, the bulk and apparent density were increased when Portland
cement was used, since the density of Portland cement is higher than fly ash and it has a
smaller void ratio.
4.4 Conclusions
1. External heat plays a significant role, not only on the final compressive strength,
but also on the early compressive strength gain.
2. Sodium hydroxide concentration has a major effect on the compressive strength.
The range of 60-100% sodium hydroxide to binder ratio in the mixture can give acceptable
compressive strength values in several civil engineering applications.
3. Portland cement, in absence of external heat, improves the early compressive
strength as well as the final compressive strength.
4. In absence of heat, 10% Portland cement replacement is considered the optimum
value because the compressive strength at 1 day is improved by 82 % and the 28 days
compressive strength is improved by 52% compared with geopolymer concrete that does
not include Portland cement. In addition, there is good workability with the combined
product.
5. SEM observations show that presence of Portland cement will reduce the microcracks due to utilizing the expelled water produced from geopolymerization process. In
addition, presence of calcium hydroxide will enhance reaction rate of fly ash.
6. The permeable voids ratio for FGC-silica fume was decreased when the ratio of
Portland cement was increased.
7. There is a significant correlation between the compressive strength and
absorption after immersion.
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Tables:
Table 4.1 XRF chemical analysis of fly ash from Wateree Station
Chemical Analysis
Silicon Dioxide
Aluminum Oxide
Iron Oxide
Sum of Silicon Dioxide, Aluminum Oxide
Calcium Oxide
Magnesium Oxide
Sulfur Trioxide
Loss on Ignition
Moisture Content
Total Chlorides
Available, Alkalies as NaO2

Wateree Station wt.%
53.5
28.8
7.47
89.8
1.55
0.81
0.14
3.11
0.09
------0.77

Table 4.2 Gradations of the coarse and fine aggregate
Sieve (mm)
16.0
12.5
9.50
4.75
2.36
1.18
0.43
0.30
0.15
Pan

Coarse aggregate % passing
100
99.5
85.3
28.8
5.50
1.30
0.70
0.70
0.50
0.00
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Fine aggregate % passing
100
100
99.8
99.5
97.5
90.4
37.2
19.6
1.61
0.00

Table 4.3 Mixture proportions for FGC-silica fume
w/c%

Sodium
hydroxide,
kg/m3
(lb/ft3)

Silica
fume,
kg/m3
(lb/ft3)

Coarse
agg.,
kg/m3
(lb/ft3)

Fine
agg.,
kg/m3
(lb/ft3)

SP%
of fly
ash

163
(10.2)

28

61.6
(3.81)

46.2
(2.92)

793
(49.5)

793
(49.5)

1.50

163
(10.2)

28

61.6
(3.81)

46.2
(2.92)

-

-

-

Concrete
type

Fly ash,
kg/m3
(lb/ft3)

Water,
kg/m3
(lb/ft3)

FGC*silica
fume**

474
(29.6)

FGP-silica
fume ***

474
(29.6)

*FGC: fly ash-based geopolymer concrete
**FGC-silica fume: the activating solution is a combination of silica fume and sodium hydroxide
***FGP-silica fume: fly ash-based geopolymer paste, the activating solution a combination of silica fume and sodium
hydroxide
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Table 4.4 Experimental compressive strength results for various binder
compositions and Portland cement replacements
Specimens
type
Tm25Na100%PC09
Tm35Na100%PC0
Tm45Na100%PC0
Tm70Na100%PC0
Tm70Na25%PC0
Tm70Na50%PC0
Tm70Na75%PC0
Tm70Na100%PC0
Tm23Na100%PC0
Tm23Na100%PC5%
Tm23Na100%PC10%
Tm23Na100%PC15%

External
temperature,
°C (°F)

NaOH/
binder
weight
ratio, %

Portland
cement
replacement
ratio %

7 days
compressive
strength,
MPa*(psi)*

28 days
compressive
strength, MPa
(psi)*

Standard
deviation,
MPa (psi)*

25.0 (77.0)

10.6

0

30.3 (4,400)

-

2.55 (370)

35.0 (95.0)

10.6

0

30.1 (4,800)

-

3.72 (540)

45.0 (113)

10.6

0

68.5 (9,930)

-

1.17 (170)

70.0 (158)

10.6

0

101 (14,700)

-

4.96 (720)

70.0 (158)

2.65

0

0

-

0

70.0 (158)

5.30

0

11.7 (1,700)

-

0.27 (40)

70.0 (158)

7.95

0

54.5 (7900)

-

1.52 (220)

70.0 (158)

10.6

0

101 (14,700)

-

4.96 (720)

23.0 (73.4)

10.6

0

4.21 (610)

27.2 (3,940)

2.14 (310)

23.0 (73.4)

10.6

5

17.8 (2,580)

53.3 (7,730)

1.72 (250)

23.0 (73.4)

10.6

10

24 3 (480)

57.4 (8,320)

2.07 (300)

23.0 (73.4)

10.6

15

21.9 (3,180)

64.3 (9,330)

1.65 (240)

*Average of four specimens
Tm = external heat value
Na = sodium hydroxide concentration compared to the weight of it in the Table 4.3
PC = Portland cement replacement ratio of fly ash (by weight)

9

Tm25-Na100%-PC0 = FGC with Temperature 25 °C, NaOH concentration= 100% of its weight
in Table 4.3, PC0= 0% of Portland cement replacement.
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Table 4.5 Cement replacement percentage and compressive strength results
*Average compressive strength of four samples

Fly ash
weight
%

Portland
cement
weight %

100
95
90
85

0
5
10
15

1 day
compressive
strength*, MPa
(psi)
0.89 (130)
3.31 (480)
5.01 (740)
3.37 (490)

3 days
compressive
strength*, MPa
(psi)
1.17 (170)
7.79 (1,130)
11.9 (1,730)
14.9 (2,160)

7 days
compressive
strength*, MPa
(psi)
4.21 (610)
17.8 (2,580)
24.0 (3,480)
21.9 (3,180)

28 days
compressive
strength*, MPa
(psi)
27.2 (3,940)
53.3 (7,730)
57.4 (8,320)
64.3 (9,330)

Table 4.6 Sample description and ASTM 642-06 results for Portland cement replacement

Specimens
type
Tm23Na100%PC0
Tm23Na100%PC5
Tm23Na100%PC10
Tm23Na100%PC15

Portland
cement
replacement

Bulk
density*
(dry)
g/cm3
(lb/ft3)

Apparent
density*

Absorption
after
immersion*
%

Volume of
permeable
pore space*
(%)

Compressive
strength*,
MPa (psi)

0

135 (2.16)

156 (2.51)

5.80

13.7

27.2 (3,940)

5

135 (2.17)

156 (2.50)

5.10

13.3

53.3 (7,730)

10

136 (2.18)

57.1(2.52)

4.90

12.9

57.4 (8,320)

15

137 (2.19)

156 (2.51)

4.70

12.8

64.3 (9,330)

*Average compressive strength of four specimens
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Figures:
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Figure 4.1 Effect of external heat on the compressive strength of
FGC-silica fume at seven days

Compressive strength (psi)

120
100
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7.9
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Figure 4.2 Effect of sodium hydroxide on the compressive strength
of FGC-silica fume at seven days
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With External heat
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Figure 4.3 Effect of external heat on the average compressive strength
gain for FGC-silica fume

0 Portland Cement (III)
10 % Portland Cement(III)
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15 % Portland Cement (III)
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Figure 4.4 Effect of Portland cement replacement on
compressive strength gains
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Tm25-100Na-10PC

Tm25-100Na-0PC

A

B

Tm25-100Na-10PC

Tm25-100Na-0PC

D

C
Hydration products

A and C are Wateree cement + 10% cement paste
B and D are Wateree Station + 0 % cement paste (free Portland cement sample)

Microcracks
Calcium hydroxide (CH )

Figure 4.5 SEM observations of 0% and 10% cement paste (age of seven days)
showing various voids, cracks, and unreacted fly ash
Tm25-100Na-10PC

Tm25-100Na-0PC

A

B

Tm25-100Na-10PC

Tm25-100Na-0PC

D

C

Hydration products

A and C are Wateree cement + 10% cement paste
B and D are Wateree Station + 0 % cement paste (free Portland cement sample)

Microcracks

Figure 4.6 SEM observations of 0% and 10% cement paste (age of 14 days)
showing various voids, cracks, and unreacted fly ash
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Figure 4.7 Average volume of permeable pore space and absorption
after immersion for various Portland cement replacement samples
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Figure 4. 8 Average absorption after immersion ratio and compressive
Strength correlation for various Portland cement replacement samples
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Chapter 5
Effect of Source and Particle Size Distribution on the Mechanical and
Microstructural Properties of Fly Ash-Based Geopolymer Concrete1

1

Lateef N. Assi, Edward (Eddie) Deaver, Paul Ziehl, published (167, 372-380 construction and building
materials)
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Abstract
Geopolymer concrete has demonstrated promising mechanical and microstructural
properties in comparison with conventional concrete; however, the variability found in fly
ash from different sources and their properties may be an obstacle to implementation. To
better understand this variability, this study investigates the effects of particle size
distribution and fly ash source on the mechanical and microstructural properties of fly ashbased geopolymer concrete. Fly ash from two sources were studied including ordinary
McMeekin and Wateree Station fly ash. McMeekin fly ash has three different fly ash
particle grades, including the ordinary McMeekin fly ash (38.8 µm), Spherix 50 (17.9 µm),
and Spherix 15 (4.78 µm). The Wateree Station is a thermally beneficiated fly ash, while
McMeekin is a STAR Processed fly ash. A mixture of silica fume, sodium hydroxide, and
water was used as an activating solution. The microstructure of fly ash-based geopolymer
paste was observed using SEM. The density, absorption and permeable void ratios were
estimated based on ASTM C642. Test results indicate that the resulting compressive
strength is linearly affected by the average particle size distribution. The compressive
strength of geopolymer concrete was decreased when McMeekin fly ash was used. In
addition, the permeable void ratio and absorption after immersion ratio were decreased
with the use of a smaller particle size of fly ash such as Spherix 15 (4.78 µm). The fly ash
source influences the permeable voids, apparent density, bulk density, and absorption after
immersion ratio.
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Keywords: Alkali-activated fly ash concrete; Fly ash source; Average particle size
distribution (PSD); Silica fume activating solution; Microstructure; Geopolymer concrete.
5.1 Introduction
Concrete is the second most used material after water. Manufacturing one ton of
Portland cement produces approximately one ton of CO 2 gas even though only about 50
percent of CO2 is derived from the burning of fossil fuels [1]. Portland cement is
responsible for 7-10% of CO2 emissions worldwide [2]. Therefore, the need for an
alternative sustainable cementitious material with similar or better properties is being
sought. Recently, there is an ongoing effort being put forth toward the enhancement of
sustainable cement and the performance of geopolymer cement.
Geopolymer cement is a mixture of an alumina-silicate with an activating solution
and additional water for increasing workability. The most common activating solution is a
mixture of sodium silicate, sodium hydroxide, and water. However, an alternative
activating solution is a mixture of silica fume, sodium hydroxide flakes, and water.
Geopolymer cement can reduce greenhouse gas emissions by 44-64% compared to
conventional Portland cement [3]. Good alumina-silicate sources include fly ash, slag, and
metakaolin, which are waste materials. Geopolymer cement not only reduces CO 2
emissions, it also utilizes waste materials, which positively impacts the environment.
Several studies have been conducted to investigate alkali activated fly ash or fly
ash-based geopolymer concrete (FGC) properties and performance. It was found that
geopolymer concrete has positive durability properties including excellent resistance
against sulfate and acid attack, high early age strength, and superior performance under
high temperature [4-11]. The early and long-term compressive strengths achieved in
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ambient conditions may be improved when compared to conventional concrete [12]. In
addition, a compressive strength around 110 MPa [16,000 psi] was achieved with fly ashbased geopolymer concrete using elevated heat [13]. The source of the fly ash plays a
dominant role, particularly in chemical composition and particle size distribution [12]. Fly
ash-based geopolymer concrete has potential for replacing conventional Portland cement
concrete in some applications, however, fly ash source variations should be addressed and
assessed.
Studies have been conducted to investigate the effect of fly ash sources and
chemical composition. For instance, the effect of the fly ash type and source on determining
the final properties of the geopolymer matrix has been studied. It was found that some
unreacted fly ash particles play dominant roles in the performance of the newly formed
microstructure [14]. Fernandez-Jimenez et al. has shown that perfect spheres, particle size
distribution, and type of activating solution can significantly affect the geopolymerization
process [15]. X-ray diffraction, compressive strength, RAMAN spectroscopy, and setting
time were utilized to investigate the effect of particle size distribution (PSD) and chemical
composition of different fly ash sources on the fresh and hardened geopolymer properties.
It was reported that factors including PSD played a significant role [16]. Tmuujin et al.
studied the effect of mechanical activation of one fly ash type on the mechanical activation
of fly ash. Tmuuujin et al. concluded that the mechanical activation of fly ash enhanced
the reactivity of the fly ash with the alkaline liquid [17]. Furthermore, the effect of fly ash
on the rheology and strength development of fly ash-based geopolymer concrete and paste
were investigated. The fly ash spherical particles were proven to have a significant impact
on the rheology and compressive strength [18]. Further research into mechanically
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activated fly ash and non-linear dependence on the particle size and reactivity of the fly
ash was carried out by S. and R. Kumar. Their findings show that the mechanically
activated fly ash increased the compressive strength properties [19]. Several tests were
utilized including scanning electron microscopy, X-ray fluorescence, X-ray diffraction,
and Fourier transform infrared to observe the effect of fly ash and palm oil fuel ash on the
compressive strength of geopolymer concrete. It was observed that particle shape, surface
area, and chemical composition had a dominant role in the density and compressive
strength of geopolymer mortar [20]. Variation of chemical composition and particle size
distribution was studied by Gunaskara et al., who observed that the chemical composition
and carbon content were the reasons for varied results in compressive strength [21].
However, the above research does not explore the effects of different particle size
distribution from the same fly ash source on the mechanical and microstructural properties.
Neither does it investigate the absorption or permeable voids ratio of geopolymer concrete,
which may help to predict the durability of long-term performance.
In this investigation, fly ash from two different sources were studied to investigate
the effect on the compressive strength, absorption, and microstructure of fly ash-based
geopolymer concrete. The McMeekin and Wateree power stations were used as fly ash
sources for this research. In addition, three different average particle size distributions were
investigated for the same fly ash source, including ordinary McMeekin, McMeekin Spherix
50, and McMeekin Spherix 15 with a mean particle size of 38.8 µm, 17.9 µm, and 4.78 µm
respectively. The effect of type fly ash from the two sources and average particle size
distribution on the compressive strength, bulk and apparent density, permeable void ratio,
and absorption were studied. X-ray Fluorescence (XRF), scanning electron microscopy
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(SEM), thermal gravimetric analysis (TGA), and the absorption test in conformance with
ASTM C642 [22] were used to observe the microstructure, chemical composition, particle
size effect, and permeable voids ratio of the resulting fly ash-based geopolymer concrete.
5.2 Materials and methods
Three different concrete batches were mixed to assess compressive strength and
absorption according to ASTM C642, and a paste mixture was made for SEM observation.
For fly ash-based geopolymer concrete and paste, the mixture procedure followed Tempest
(2009) and Assi et al. (2016) [23, 24, 13].
The materials used for fabrication of the test specimens included fly ash (ASTM
class F), activating solution (silica fume and sodium hydroxide solution mixed in water),
fine and coarse aggregates, water, and a superplasticizer (Sika ViscoCrete 2100). Two fly
ash sources were utilized in the investigation: a) McMeekin and b) Wateree with average
particle size 42.5 µm. Both sources are from power stations in South Carolina. Three
batches were made using fly ash containing average particle size of higher than 38.8 µm,
17.9 µm, and 4.78 µm (commercially referred to ordinary McMeekin, Spherix 50, and
Spherix 15, respectively). The Wateree Station fly ash was subjected to a proprietary
carbon burnout process, while the McMeekin fly ash was processed with a STAR process.
Chemical compositions of all fly ash sources and thermal gravimetric analysis (TGA) are
shown in Table 5.1 and Table 5.2 respectively. Densified powder silica fume (Sikacrete
950DP) sodium hydroxide with 97-98 purity (DudaDiesel) and water were combined to
make the activating solution. Local crushed coarse granite aggregates, in a saturated
surface dry condition (Vulcan Materials quarry) and local fine aggregates (Glasscock
quarry) were used to make compressive and absorption samples. The coarse and fine
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aggregate gradations are provided in Table 5.3. The proportions of the geopolymer
concrete and paste are provided in Table 5.4.
Laser particle size analysis, X-ray fluorescence (XRF) analysis and thermal
gravimetric analysis (TGA) were conducted at Holcim (US), Inc. located in Holly Hill,
South Carolina, to investigate the effect of fly ash source materials and particle size
distribution. The results from these analyses are shown in Table 5.1, Table 5.2, and Figure
5.1. Scanning electron microscopy (SEM) observations were carried out on fly ash-based
geopolymer paste samples in the SEM Center at University of South Carolina. Density,
absorption and void ratio was assessed in general conformance with ASTM C 642-06 at 7
and 14 days after casting.
5.2.1 Activating solutions
The activating solution was prepared according to Assi et al. [12, 13]. The
activating solution for all mixtures is a combination of silica fume, sodium hydroxide
flakes, and water. The sodium hydroxide flakes were dissolved in water. Then, the silica
fume powder was added and stirred for three minutes. The mixing of sodium hydroxide,
water, and silica fume resulted in an exothermic process (exceeding a temperature of 80⁰C
[176⁰F]). The silica fume-based activating solution was kept in a closed container in an
oven at 75⁰C (167⁰F) for a minimum of 12 hours to assure the sodium hydroxide flakes
and silica fume powder were completely dissolved. The water/binder weight ratio (w/b)
was 30%. The binder weight includes the dry fly ash, silica fume, and sodium hydroxide
flakes.

81

5.2.2 Preparation of concrete samples for compressive strength and ASTM
C642 testing
The fly ash, coarse aggregates, and fine aggregates were mixed for three minutes.
The activating solution, including the water, was then added to the dry ingredients, which
included the fly ash, coarse aggregates, and fine aggregates. This was mixed for five
minutes in conformance with ACI 211.1-91. Cylinders with dimensions of 76 mm x 152
mm (3 in. x 6 in.) were cast by adding three lifts of concrete and rodding 60 times per lift
with a 9.5 mm (0.375 in.) diameter rod [8]. Cylinder size was chosen in conformance with
ACI 211.1-91 [25]. All specimens were externally vibrated for 10 seconds [7]. The
specimens were left in an ambient condition for two days. They were then heated for two
days in an oven at 75⁰C (167⁰F) [13].
A total of 48 FGC cylinders were cast and conditioned for compressive strength
testing at ages of 1 day, 7 days, and 28 days. To obtain representative results and to enable
the calculation of standard deviation, four specimens of each type were prepared. Either
the fly ash source or the average particle size distribution was altered, while the other
factors were held constant [26]. For the ASTM C642 test, 16 samples were prepared using
the same procedure as compressive test specimens. The ASTM C642 procedure and the
formulas in the standard were followed to calculate bulk density, absorption after
immersion, apparent density, and volume of permeable pore space (voids) ratio.
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5.2.3 Preparation of SEM samples for SEM observations
Four geopolymer paste samples were prepared. The activating solution was
prepared as described above and then four different fly ash sources including Wateree
Station, ordinary McMeekin, McMeekin Spherix 50, and McMeekin Spherix 15 were
mixed for three minutes and then kept in small plastic molds for two days. For investigating
the effect of particle size distribution and effect of heat on geopolymer paste samples, one
group of the geopolymer paste samples was kept in the oven for two days with 75⁰C
(167⁰F) and then maintained in an ambient condition until the SEM test was conducted at
seven days. The other paste sample group was conditioned under ambient conditions for a
total of 14 days until the other SEM observations were performed at 14 days of age to
investigate the effect of using external heat on the microstructure of the geopolymer paste.
5.3 Results and discussion
5.3.1 Effect of fly ash source and particle size distribution on the compressive
strength
5.3.1.1 Effect of fly ash source
Two different fly ash sources having an approximately similar average particle size
of 38.8 µm (ordinary McMeekin) and 42.3 µm (Wateree) were first investigated. The
difference in the compressive strength was found to be around 31%. The compressive
strength tests were conducted on days 1, 7, and 28 . The average 1, 7, and 28-day
compressive strength of the geopolymer concrete made with the Wateree source was 26.5
MPa (3,850 psi), 28.3 MPa (4,170 psi), and 29.4 MPa (4260 psi) respectively. However,
the 1, 7, and 28-day compressive strengths for the samples made with ordinary McMeekin
source was 20.1 MPa (2910 psi), 21.4 MPa (3,150 psi), and 22.0 MPa (3200 psi). The
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compressive strength results of heat–cure samples at age of 1, 7, and 28 days for either
Wateree or ordinary McMeekin fly ash sources showed that the age of samples has less
than 6% effect when average 1 and 28-day sample results were compared. The compressive
strength results are shown in Figure 5.2.
This 31% difference approximately in the compressive strength even for similar
particle size distribution, as shown in Figure 5.1, shows that fly ash source and/or
processing plays a significant role. Several reasons may explain this phenomenon such as
the way the fly ash is collected, processed and prepared, or differences in the amount of
cenospheres, which can cause void structures in the final product. Another explanation may
be due to the slight differences in the chemical compositions, such as the higher iron,
calcium oxide, and carbon percentages in the Wateree fly ash than in the ordinary
McMeekin fly ash. Another possibility is that the thermal beneficiation processes may be
different between the two sources that were used. However, due to the proprietary nature
of these processes, further investigation was limited. The compressive strength results for
heated-cured samples showed that the age of samples does not have a major impact on the
final compressive strength. These results were confirmed in previous studies such as Assi
et al. [12].
5.3.1.2 Effect of particle size distribution
To investigate the effect of average particle size distribution on the compressive
strength, three different average size distributions were compared for the same source
(McMeekin) and they have approximately the same chemical compositions as shown in
Table 5.2. The three average size distributions are ordinary McMeekin (average particle
size 38.8 µm); McMeekin Spherix 50 (average particle size 17.9 µm); and McMeekin
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Spherix 15 (average particle size 4.78 µm). These have the same basic chemical
composition and source. The 1, 7, and 28-day average compressive strengths of specimens
made with ordinary McMeekin were 20.1 MPa (2,910 psi), 21.4 MPa (3,150 psi), and 22.0
MPa (3200 psi). The 1, 7, and 28-day average compressive strengths for specimens made
with ordinary McMeekin, Spherix 50 were 45.1 MPa (6,540 psi), 47.5 MPa (6,880 psi),
and 48.9 MPa (7,090 psi). While for the samples made with McMeekin, Spherix 15 fly ash,
the compressive strength was 64.7 MPa (9,380 psi), 66.7 MPa (9,670 psi), and 67.3 MPa
(9,770 psi) for 1, 7, 28-day age specimens respectively. The compressive strength results
are shown in Figure 5.3.
Considering the average compressive strength of the ordinary McMeekin fly ashbased geopolymer concrete as a baseline reference, the compressive strength increments
were 120% and 210% when McMeekin Spherix 50 and McMeekin Spherix 15 were
utilized, respectively. The results show that as particle size decreases, compressive strength
increases. The reason attributed to this enhancement is an increase in surface area as the
particle size is decreased for the well-graded fly ash. This results in more available area for
reaction and production of geopolymerization products. In addition, the voids will fill with
fine fly ash particles leading to denser and stronger geopolymer products. Compressive
strength variations may therefore be predicted and controlled by understanding the particle
size distribution of the fly ash source.
By considering the chemical compositions of the ordinary McMeekin fly ash as a
baseline reference, the silicon dioxide and aluminum oxide appear to be approximately the
same. The iron oxide percentage of 9.4% was decreased by 0.30% for McMeekin Spherix
50 and McMeekin Spherix 15 respectively; however, the percentage of iron oxide is less
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than 10% of the total fly ash chemical composition. The calcium oxide percentage was
1.6%, 2.9%, and 4.1% for the ordinary McMeekin, McMeekin Spherix 50, and McMeekin
Spherix 15 fly ash. The other chemical compositions are similar. The chemical
compositions of the ordinary McMeekin, McMeekin Spherix 50 and McMeekin Spherix
15 fly ash discussions showed that the effect of the chemical composition differences is
negligible in comparison with the average fly ash particle size distribution. The effect of
aging on the compressive strength was seemingly low in comparison with the effect of
chemical composition and average particle size distribution, even though the increased
calcium could react with some of the hydroxide and silica oxide to form small amounts of
calcium silicate hydrates.
5.3.2 Effect of source and particle size distribution on absorption and void
space (ASTM C 642-06)
5.3.2.1 Effect of fly ash source
Absorption and void space (ASTM C642) were assessed to investigate the effect of
fly ash source and average particle size distribution on bulk density, apparent density,
absorption after immersion, and volume of permeable space ratio within the matrix. Table
5.5, Figure 5.4, and Figure 5.5 summarize the effect of fly ash source results. To investigate
fly ash source, specimens fabricated with ordinary McMeekin fly ash were compared to
those having Wateree Station fly ash of similar average particle size. Bulk density was
increased by 1.9 % when ordinary McMeekin fly ash was used in comparison with Wateree
Station fly ash, and permeable pore space ratio was increased when ordinary McMeekin
fly ash was used in place of Wateree Station. This result coincides with compressive
strength results which are 28.2 MPa (4,170 psi) and 21.4 MPa (3,150 psi) for Wateree and
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ordinary McMeekin fly ash respectively. Absorption after immersion was reduced by 14%
when Wateree station fly ash was used.
5.3.2.2 Effect of particle size distribution
To investigate the effect of average particle size distribution on bulk density,
apparent density, absorption after immersion, and volume of permeable space ratio within
the matrix, specimens fabricated with ordinary McMeekin, McMeekin Spherix 50, and
McMeekin Spherix 15 fly ash were compared. Ordinary McMeekin results were
considered as a baseline reference for comparison. Bulk density was increased by 1.4 and
3.8 % respectively, and the apparent density was increased by 1.9 and 0.1 % for McMeekin
Spherix 50 and 15, respectively. The results indicate that the concrete specimens became
denser when the average particle size was lowered. This is attributed to filling of empty
voids by small available fly ash particles in the well-graded material and/or by preferential
formation of geopolymerization products. The average ratio of volume of permeable pore
space and absorption after immersion were 17.0%, 16.4%, 13.3% and 7.7%, 6.1%, 6.0%
in the order of listing above. The permeable pore space was reduced by 3.5% and 21.7 %
when geopolymer concrete was fabricated with McMeekin Spherix 50 and McMeekin
Spherix 15, respectively. The compressive strength was increased when the volume of
permeable pore space (void) ratio decreased. The available surface area may play a
significant role in the geopolymerization process because the available surface area creates
additional geopolymerization products, which increases the compressive strength due to
available paste connecting to fine and coarse aggregates and may also fill voids within the
geopolymerization products. Figure 5.6 and Figure 5.7 summarize the effect of particle size
distribution on absorption, permeable void ratio, and compressive strength.
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ASTM C642 test results aid in the understanding of the effect of reducing the wellgraded fly ash particle size distribution, thereby enhancing the compressive strength and
reducing the available empty void space. Furthermore, the source of the fly ash s has a
significant impact on the bulk density, apparent density, absorption after immersion, and
volume of permeable void space ratio. A positive potential impact is expected in long-term
performance.
5.3.3 Scanning Electron Microscope (SEM) observations
5.3.3.1 Effect of fly ash source
In this section, the effect of average particle size distribution on the
geopolymerization process and microstructure of geopolymer paste is discussed. The first
group of observations as shown in Figure 5.8 and Figure 5.9 addresses the effect of average
particle size distributions and fly ash source on heated geopolymer paste samples. Fly ashbased geopolymer paste samples were left in an ambient condition for two days, and then
cured in the oven for two days under 75oC (167oF). The samples were then kept in ambient
conditions until the SEM observations were conducted. The SEM observations were
performed at the age of seven days and 14 days. As fly ash-based geopolymer concrete
gains more than 95% of the final compressive strength within 24 hours [12], the
microstructure of the paste is not expected to have a major change after the samples were
cured in the oven. As shown in Figure 5.8, the Wateree Station fly ash paste sample appear
to have fewer voids than the ordinary McMeekin sample. Furthermore, the microcracks
and voids seem to be larger in the paste sample made with ordinary McMeekin.
Microcracks may constitute the reason for the compressive strength reduction and
permeable voids ratio increase for ordinary McMeekin fly ash paste samples.
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5.3.3.2 Effect of particle size distribution
To investigate the effect of average particle size distribution on the fly ash-based
geopolymer cement for heat-cured samples, the SEM observations for McMeekin Spherix
50 and McMeekin Spherix 15 paste samples were observed. As noticed in Figure 5.9, the
McMeekin Spherix 15 sample has more complete geopolymerization products than the
McMeekin Spherix 50 sample and the microcracking appears to be reduced. The attributed
reason is increased surface area, leading to more rapid and complete reaction. Several SEM
images for the geopolymer paste made with the McMeekin Spherix 15 fly ash showed that
the McMeekin Spherix 15 has less unreacted fly ash particles in comparison with the other
samples as shown in Figure 5.9.
The other group of SEM observations is intended to observe the effect of particle
size distribution on the microstructure for unheated-cured samples. The SEM observations
for Wateree, ordinary McMeekin, McMeekin Spherix 50, and McMeekin Spherix 15 paste
samples are shown in Figure 5.10. The observation was conducted at 14 days to give more
time for the geopolymerization products to take place. All samples appear to have more
available fly ash particles for the geopolymerization reaction in comparison with the heatcured paste samples. This shows how essential external heating is for accelerating the
geopolymerization process. In addition, by comparing the four images, the effect of the
large surface area due to average particle size distribution differences appears significant
in enhancing the geopolymerization process. The increase in the surface area requires more
water, which means less free water was available to evaporate thereby leading to decreased
microcrack formation. If improving the early compressive strength is the primary focus,
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the use of a smaller average particle size may be a better option than using external heat
for some applications.
5.3.4 X-ray fluorescence (XRF), Particle size distribution, and thermal
gravimetric (TGA) analyses
The X-ray fluorescence (XRF) analysis, Table 5.1, indicates that there is no
significant difference between Wateree and ordinary McMeekin fly ash sources, and if so,
it is not consistent with the resulting mechanical and microstructural properties. The
summation of silicon and aluminum oxide weight ratios are 80.8%, 82.0%, 81.5%, and
80.3% for Wateree, ordinary McMeekin, McMeekin Spherix 50, and McMeekin Spherix
15. The maximum weight ratio of iron oxide was 9.8 for Wateree fly ash, while the lowest
was 6.5 for McMeekin Spherix 15. This shows that when iron oxide decreased, the
compressive strength increased, which may be a type of dilution factor of the iron.
On the other hand, as shown in Table 5.2, the thermal gravimetric analysis indicates
that the sulfur has a low percentage in all fly ash types, and the McMeekin Spherix 15 has
the highest with 0.1. The unburned carbon weight ratio was 0.19, 0.06, 0.23, and 0.56 for
Wateree, McMeekin, McMeekin Spherix 50 and McMeekin Spherix 15 respectively. It
appears that when the unburned carbon was increased, the compressive strength was
increased. However, the ratio of unburned carbon is low in comparison with the total
weight ratio of other chemical elements. Therefore, X-ray fluorescence (XRF) and thermal
gravimetric (TGA) analyses may not be helpful to explain the reason for the differences in
mechanical and microstructural properties of geopolymer cement having different fly ash
sources or average particle size distributions.
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The average particle size distribution as shown in Figure 5.1 seems well graded for
all fly ash sources and types. The McMeekin Spherix 15 was the finest with an average
size of 4.78 µm. The average particle size for Wateree, ordinary McMeekin, McMeekin
Spherix 50, and McMeekin Spherix 15 was 42.5 µm, 38.8 µm, 17.9 µm, and 4.78 µm
respectively. By comparing geopolymer concrete samples made with ordinary McMeekin
fly ash as a reference, when the average particle size distribution was decreased by 88.7%,
the compressive strength was increased by 212% (McMeekin Spherix 15). As shown in
Figure 5.11, the linear regression between the average particle size distribution and
compressive strength for geopolymer concrete made with all fly ash sources and sizes was
around 0.94. The governing equation is:
Y= -1.11*X+ 69.8 …..…………………………………………………………..(1)
Y = the expected compressive strength (MPa)
X = the average of particle size distribution
Equation (1) may be helpful to predict the compressive strength if an average
particle size distribution is known and the fly ash type McMeekin (or similar) is used. As
explained above, the average particle size distribution plays a dominant role in the
mechanical and microstructural properties of fly ash based geopolymer concrete, and it can
be helpful in predicting the compressive strength and may be potentially useful for
predicting durability properties such as permeable voids ratio.
5.4 Conclusions
1. The fly ash source has a significant effect on compressive strength of geopolymer
concrete. For instance, when the fly ash source was Wateree, the compressive strength was
increased by 30% in comparison to ordinary MacMeekin fly ash.
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2. Compressive strength was enhanced when using finer particle size distribution.
For instance, when the fly ash grades were changed from ordinary McMeekin to McMeekin
Spherix 15, the compressive strength was increased by 210%.
3. The bulk density, absorption after immersion, and volume of permeable pore
space ratio were functions of the fly ash source.
4. The bulk density, absorption after immersion, and volume of permeable pore
space ratio were increased when a fly ash having smaller average particle size distribution
was used.
5. The SEM observations showed that smaller particle size distributions densified
the microstructure and enhanced the geopolymerization process in both heat-cured and
unheated samples. In the case of unheated samples, using smaller particle size distribution
reduced the voids and microcracks. The fly ash source affected the microstructure for heatcured and unheated samples.
6. Selection of smaller particle size distribution may be a better option than external
heating for accelerating the reaction and obtaining a complete geopolymerization process
for some applications.
7. The particle size distribution has a potential effect on the durability of
geopolymer concrete as it effects the permeable voids and immersion ratio (ASTM C642).
8. A relatively linear relationship was found between compressive strength and
average particle size distribution (linear regression agreement 94%) for McMeekin fly ash.
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Tables:
Table 5.1 XRF chemical analysis of fly ash
Chemical analysis
Silicon Dioxide
Aluminum Oxide
Iron Oxide
Sum of Silicon Dioxide, Aluminum
Oxide
Calcium Oxide
Magnesium Oxide
Sulfur Trioxide
Sodium oxide
Potassium oxide
Moisture Content
Total Chlorides
Available Alkalis

Wateree
Station
wt.%
53.1
27.7
9.81

Ordinary
McMeekin
wt.%
53.5
28.5
9.41

McMeekin
Spherix 50
wt.%
52.9
28.6
6.60

McMeekin
Spherix 15
wt.%
51.0
29.3
6.52

90.6

91.4

88.1

86.8

2.40
0.90
0.22
0.11
2.41
0.10
------1.20

1.61
1.32
1.01
0.16
0.40
0.10
<0.002
1.92

2.90
1.01
0.10
0.21
2.81
0.10
------2.01

4.10
1.21
0.22
0.41
2.90
0.11
------2.30

Table 5.2 Thermal Gravimetric Analysis (TGA)

0.00

McMeekin
Spherix 50
wt.%
0.08

McMeekin
Spherix 15
wt.%
0.10

0.06

0.23

0.56

Wateree Station wt.%

Ordinary
McMeekin, wt.%

Sulfur

0.06

Carbon

0.19

Chemical analysis

Table 5.3 Gradation of coarse and fine aggregate
Sieve (mm)

Coarse aggregate % passing

Fine aggregate % passing

16.0

100

100

12.5

99.5

100

9.50

85.3

99.8

4.75
2.36
1.18
0.43
0.30
0.15
Pan

28.8
5.50
1.31
0.70
0.70
0.51
0.00

99.5
97.9
90.4
37.2
20.0
1.61
0.00
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Table 5.4 Mixture proportions
Fly ash,
kg/m3
(lb/ft3)

Water,
kg/m3
(lb/ft3)

w/b
ratio

Sodium
hydroxide,
kg/m3
(lb/ft3)

Silica
fume,
kg/m3
(lb/ft3)

Coarse
agg.,
kg/m3
(lb/ft3)

Fine
agg.,
kg/m3
(lb/ft3)

SP%
of fly
ash

Geopolymer
concrete

474
(29.6)

163
(10.2)

0.30

61.6
(3.80)

46.2
(2.91)

793 (49.5)

793
(49.5)

1.50

Geopolymer
paste

474
(29.6)

163
(10.2)

0.30

61.6
(3.80)

46.2
(2.90)

-

-

1.50

Table 5.5 ASTM C642-06 results

Specimen
type

Activating
solution

Fly ash
source

Bulk
density*
(dry),
g/cm3
(lb/ft3)

Wateree
(42.3µm)
McMeekin
(38.8µm)
McMeekin50
(17.9µm)
McMeekin15
(4.78µm)

Silica
fume
Silica
fume
Sodium
silicate
Sodium
silicate

Wateree
Station
Belews
Creek
Wateree
Station
Belews
Creek

2.11
(132)
2.12
(133)
2.15
(134)
2.20
(138)

Apparent
density*
g/cm3
(lb/ft3)
2.53
(158)
2.54
(159)
2.59
(162)
2.55
(159)

*average of four specimens
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Absorption
after
immersion*,
%

Volume
of
permeable
pore
space* ,
%

Compressive
strength*,
MPa (psi)

7.10

16.6

28.2 (4,170)

7.70

17.0

21.4 (3,150)

6.10

16.4

47.6 (6,910)

6.01

13.3

66.87
(9,760)

Figures:

Figure 5.1 Particle size distribution for fly ash sources
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Figure 5.3 Effect of particle size distribution on compressive strength
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Figure 5.4 Effect of fly ash source on volume of permeable pore space
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Figure 5.5 Effect of fly ash source on absorption
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Figure 5.6 Effect of particle size distribution on absorption
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Figure 5.7 Effect of particle size distribution on volume pore space

Figure 5.8 SEM observation for Wateree fly ash sample (left)
and ordinary McMeekin (right) after heat curing
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18

Figure 5.9 SEM obseration for McMeekin 50 fly ash sample (left) and
McMeekin Spherix15 fly ash (right) after heat curing

104

Figure 5.10 Ambient-cured SEM observations Wateree, McMeekin,
McMeekin Spherix 50, and McMeekin Spherix 15 fly ash
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Abstract
This study investigates the geopolymerization process of fly ash-based geopolymer
paste specimens; the activating solution is a combination of silica fume and sodium
hydroxide made with two different water/solid weight ratios (w/s) of 0.30 and 0.35, using
acoustic emissions. The specimens were cured in ambient conditions [22 3 C]. The
acoustic emission data was processed through pattern recognition (PR), which identified
two clusters that were assigned to a specific mechanism depending on their characteristics.
Results show that there is a predominant difference in the acquisition data between the twodifferent water/binder weight ratios. PR showed that the most geopolymerization
mechanisms, including dissolution of Si and Al cations, forming bubbles, and micro-crack
initiations, occurred at roughly the same time for 0.3 w/s samples. While, in 0.35 w/s
samples the mechanisms occurred sequentially. Final setting time of the Vicat penetration
test, which assumed a starting point of micro-crack initiations, was 60 minutes after the
test onset for 0.3 w/s ratio, while it was after roughly 600 min for 0.35 w/s. Micro-crack
initiations predicted by the pattern recognition technique coincided with the final setting
times. SEM observations also coincided with the pattern recognition findings.
Keywords: Fly ash-based geopolymer, early geopolymerization, acoustic emission, silica
fume
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6.1 Introduction
Due to the global concern about CO 2 emissions, it is commonly accepted that
a new kind of cement is needed to replace Portland cement with improved
environmental, mechanical, and durability properties. Portland cement is responsible
for (7%-9%) % of total CO 2 emissions [1,2] and it has been stated that every ton of
Portland cement releases roughly one ton of CO2 emissions [3] from the necessary
energy required for production. Geopolymer cement is one potential alternative to
Portland cement. It may help to offset the mentioned drawbacks once the mechanical
and chemical behaviors are understood.
Any source of pozzolanic materials, such as fly ash or slag, has high aluminate
and silica portions, that when dissolved in an alkaline solution, will lend itself to
geopolymerization [4-6]. There are two types of activating solutions, either a common
activating solution (a mixture of sodium silicate solution, sodium hydroxide solution,
and additional water) [7], or an alternative activating solution (a mixture of sodium
hydroxide flakes, water, with silica fume powder mixed into the solution) [8]. Several
studies have been conducted on geopolymer concrete cured in ambient conditions. The
effect of silica on the room-cured geopolymer concrete was found predominant for
enhancing the geopolymerization (condensation) process and mechanical properties
[9]. From a chemistry standpoint, the geopolymerization process at ambient-cured
conditions was found to be similar to samples cured at higher temperatures [10]. The
dissolution rate of Si and Al was highly affected by increasing the curing temperature,
which resulted in fast nucleation, polymerization, and condensation of geopolymer
reaction [11, 12].
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Several techniques have been conducted to monitor the early Portland cement
hydration process including isothermal calorimetry, non-contact complex resistivity
[13], scanning electron microscopy [14, 15], thermo-gravimetric, ultrasonic methods
[16, 17], and X-ray computed tomography [18]. However, these methods are limited
based on their destructive nature or physical size constraints. On the other hand,
acoustic emission is able to monitor the hydration process continuously and
nondestructively with a larger specimen size than the other methods. Acoustic
emission monitoring has been utilized to monitor the early hydration process of
different types of cement such as calcium aluminate in paste samples [18-20]. The
results were characterized and assigned to hydration mechanisms and compared to
results gained by X-ray tomography. Acoustic emission monitoring has been utilized
in some geopolymer concrete applications. For instance, it was used to monitor a steel
composite beam with a layer of geopolymer concrete on the tension side [21]. Spalling
and cracking events of two fly ash based geopolymer concrete samples were observed
during a fire test by acoustic emission technique [22].
Even though there are several studies dedicated to investigating the
geopolymerization process, it is still ambiguous and needs to be understood better, in
order to enhance the chemical, microstructural, and mechanical properties. Generally,
most researchers have assigned the mechanism stages regardless of the time and
temperature throughout the geopolymerization process. Understanding the time when
specific steps occur, and when the geopolymerization process initiates, will help to
better understand and further the development of geopolymer concrete.
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In this study, two fly ash-based geopolymer pastes with water/binder weight
ratios (w/s) of 0.3 and 0.35 were monitored. The activating solution used was a mixture
of silica fume powder, sodium hydroxide flakes, and water. Acoustic emission sensors
were used to monitor the early geopolymerization process for 80 hours with an AEwin
data acquisition system. For observing the geopolymerization process visually, two
w/s ratios of 0.3 and 0.35 samples were prepared for scanning electron microscope
(SEM). Vicat penetration test was conducted to observe final setting times for the
samples in conformance with ASTM C191 [23]. The samples including SEM, Vicat
test, and geopolymerization process were cured in ambient conditions (the samples
were kept in the lab environment). The acoustic emission data was post-processed with
AEwin and NOESIS to cluster the data. Two clusters were identified and assigned to
specific mechanisms including dissolution (bubbles occurring at this stage), and
hardening (micro-cracks occurring at this stage).
6.2 Materials and methods
Two different paste samples were prepared with 0.30 and 0.35 water/solid
weight ratios. The solid includes fly ash, silica fume powder, and sodium hydroxide
flakes. The reason for choosing these water/binder ratios is because, past experiments
conducted in the lab show that with a lower water/binder weight ratio (w/s) (lower
than 0.3), the initial setting time was rapid (less than three minutes). However, for a
higher w/s than 0.35, the initial setting did not occur during the test per iod. The
geopolymerization process samples were monitored for 80 hours using acoustic
emission sensors once they were cast in molds under ambient conditions, while SEM
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samples were kept in the same circumstance until the observations were conducted at
one and three days.
The materials used for fabrication of the fly ash-based geopolymer paste
included class F fly ash [24] and activating solution (sodium hydroxide mixed with
silica fume and distilled water). The fly ash was sourced from Wateree Station in South
Carolina, and the chemical compositions of the fly ash source are shown in Table 6.1.
The activating solution material sources were silica fume (Sikacrete 950DP, densified
powder silica fume, bought from a local supplier), sodium hydroxide (97-98% purity,
brought from DudaDiesel), and distilled water. The mixture proportions of the fly ashbased geopolymer paste are provided in Table 6.2. The molar concentration (molarity)
of sodium hydroxide was 8.8 (M) and 7.5 (M) for 0.30 and 0.35 water/solid weight
ratios respectively. The mixture design and sodium hydroxide concentration were in
conformance with Assi et al. (2016) [8].
Following the addition of silica fume powder to the mixture of sodium
hydroxide and water, the mixture was stirred for five minutes resulting in a temperature
increase of the solution (exceeds 80 C [176 F]). The activating solution was then kept
in a closed container in an oven at 75 C (167 F) for approximately 12 hours to assure
that the sodium hydroxide flakes and silica fume powder were completely dissolved.
The mixing procedure described above is the same as described in Assi et al. (2016)
[8].
The activating solution was allowed to cool back to ambient conditions, mixed
with the fly ash for three minutes manually, and then each w/s was cast in four 3.8 cm
X 3.8 cm X 11.4 cm (1.5 in X1.5 in X4.5 in) plastic molds. The plastic molds were
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vibrated for ten seconds, thermocouples were inserted inside the samples, and then the
acoustic emission sensors were attached on the molds.
6.2.1 Acoustic Emission Experimental Test Setup
A Disp 16-channel, acoustic emission system, was used in this investigation.
WDI-automated broadband acoustic emission sensors, with (40 dB integral
preamplifier) 200-900 kHz frequency range, were used to monitor and collect acoustic
emission data [25]. A background noise test was conducted in the material laboratory
to identify the 31-dB set threshold prior to initiating the actual test. During the
geopolymerization test, all the geopolymerization test molds were kept inside a plastic
chamber, as shown in Figure 6.1, with the ambient temperature of 22 ± 3 C [71.6 ± 6
F].
To isolate the samples from external vibrations and noises, a low-density foam
pad was placed on the floor of the plastic chamber [26]. Four geopolymer paste
specimens for each of the two water/solid ratios were used. The geopolymer paste was
cast in the plastic molds, and then the enclosed molds were sealed with silicon and
fixed with screws for preventing water evaporation. One sensor was attached to a
plastic sheet as a control sensor to monitor potential noises, and the other eight were
attached to the sides of the eight plastic molds using vacuum grease as a couplant
between the plastic molds and sensors. Temperature and humidity data loggers were
used to monitor the humidity and temperature of the ambient lab condition. The
average relative humidity of the plastic chamber was (60% 5%) approximately. The
acoustic emission test monitoring was conducted for a period of 80 hours. The test
setup is shown in Figure 6.1.
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6.2.2. Scanning electron microscope (SEM) test setup
Scanning electron microscope (SEM) was conducted in an electron microscope
center at the University of South Carolina. The SEM device was a Zeiss Ultraplus
Thermal Field Emission Scanning Electron Microscope, high vacuum, and resolution
microscope. The set voltage, for the conducted observations, was 5 KV; while the
magnification of the SEM images was 1000 and 6000 for each read in the samples.
Two geopolymer paste samples were prepared for SEM observations. The samples
were kept in the same environment conditions as the geopolymerization test. The SEM
observations were conducted for specimens one and three-day days old to visually
investigate the early geopolymerization and verify the acoustic emission technique
findings. Each magnification was observed at three different locations in order to
obtain a statistically representative image.
6.2.3 Vicat needle penetration test
Micro-cracks are most likely to occur after the final setting time when the paste
hardens. A Vicat penetration test was conducted to obtain the final setting time, and
compare the results with the pattern recognition analysis. The final setting times of the
ambient cured samples were measured according to ASTM C191 [23] (Vicat needle
penetration test). The final setting time is equal to the elapsed time between the
activating solution and dry material contact until the needle cannot visibly penetrate
the surface of the paste sample [23]. Based on the Vicat test results, final setting time
was 60 min and 550 min for 0.3 and 0.35 w/s ratios respectively.
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6.3 Results and discussion
6.3.1 Relationship between acoustic emission hits and temperature history
The maximum internal temperatures of fly ash–based geopolymer paste
samples were 34.5 C [94.1 F] at 0.28 hours from the start and 26.0 C [78.8oF] 0.15
hours from the start for the water/solid weight ratios (w/s) of 0.30 and 0.35 respectively,
as shown in Figure 6.2. Furthermore, the temperature increases in the accelerated rate
region, which is the ascent part, was approximately 9.40 C for the specimen with w/s of
0.30 and 4.90 C s for the w/s of 0.35. These observations show that fly ash-based
geopolymer paste with lower w/s releases more heat compared to samples with higher
water/solid weight ratio. By comparing the maximum internal temperature for a
conventional Portland cement paste to fly ash-based geopolymer paste, the heat of
hydration tends to be higher than geopolymerization [18, 19].
The low internal temperature during the geopolymerization process may be
considered an advantage for fly ash-based geopolymer paste because less internal heat,
may lead to fewer micro-crack initiations [27-28]. Figure 6.2 shows that a higher
concentration of acoustic emission is present near the temperature peak with varied
amplitudes for 0.30 w/s samples. However, hits are distributed throughout the test for the
0.35 w/s samples. The number of acoustic emission hits for 0.30 w/s samples is more than
for the 0.35 w/s samples. The difference in the number of hits is attributed to the increase
in water content resulting in more available water to absorb the generated stress wave. The
extra water delayed the final setting time, observed by Vicat penetration test. The delay of
final setting time might be due to the additional available water requiring a longer time to
evaporate or consume in comparison with 0.30 w/s.
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As shown in Figure 6.2 and Figure 6.3, the 0.3 w/s acoustic emission signals near
the maximum temperature have high amplitude and duration, and the rest of the test has a
random distribution. Acoustic emission hits were observed early and continued throughout
the test for both water/solid weight ratios. This phenomenon suggests a correlation between
acoustic emission hits and the geopolymerization process.
Figure 6.4 shows the cumulative signal strength (CSS) for the two water/solid
weight ratios. The cumulative signal strength for the samples with 0.30 w/s is higher than
the 0.35 w/s samples because acoustic emission hit and signals energy for 0.30 w/s are
more numerous than the 0.35 w/s. The extra water in the 0.35 w/s will absorb some of the
signal energies. In addition, the hardened phase occurred later because the excessive water
delayed the final setting time, resulting in fewer potential micro-cracks at an early age. As
shown in Figure 6.4, the increase in CSS rate begins to occur after the deceleration region
and extends a few hours for 0.3 w/s samples. The first signals of the 0.30 and 0.35 w/s
samples were recorded in the early stage of the geopolymerization process at 0.10 hours
after test onset. This shows that the acoustic emission sensors are sensitive enough to detect
early geopolymerization process activities.
The variance in the cumulative signal strength and temperature curve for the
samples might be due to the nonhomogeneous material distributions. The temperature
curves in the case of the w/s of 0.35 samples were almost constant due to the slow reaction
and excessive water absorbing higher energy than 0.30 samples. Furthermore, there is a
slight increase in the later days (the temperature curve starts with 25 C [77 C] and ends
with 26 C [79 F] approximately) due to the change in the room temperature as it was
observed using the temperature logger.
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6.3.2. Scanning electron microscope (SEM) observations
The SEM observations were conducted to investigate the geopolymerization
process at early stages in order to provide evidence of early geopolymerization process
initiation. Two magnifications, 1000 and 6000, were selected to capture images at the
age of one and three days for 0.30 and 0.35 w/s samples. However, one magnification,
6000, was presented to save space instead of including 1000. In Figure 6.5, the 0.30
and 0.35 w/s paste samples are on the left and right of the figure respectively. Figure
6.5B shows many unreacted fly ash particles, while in the Figure 6.5A, it shows fewer
unreacted fly ash particles. In addition, Figure 6.5C and 5D show the activating
solution including sodium hydroxide surrounding fly ash particles. The reaction might
take place around fly ash particles as they have the major reaction components
including SiO2 and Al2O3, which attract anions of -OH in the presence of water. This
forms intermediary products that react with cations of Na+ in the presence of water,
as shown in equation 1, found in Davidovits work [29]. By comparing Image 5A and
5C (captured two days later) some fly ash particles have been dissolved, and their
surrounding area was flattened.
Figure 6.5A and Figure 6.5D show the presence of voids. The postulated reason
is that the SEM images are captured at the early stages of the reaction (one and three
days), and there is no external heat, which provides the essential energy to initiate and
accelerates the geopolymerization process [6]. Without this extra driving force, the
geopolymerization reaction has not produced enough products to fill the voids. This
figure shows that the geopolymerization process initiated at an early age (less than 24
hours), and some of the fly ash particles have been dissolved for making
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geopolymerization products. The SEM observations fall in the same line with pattern
recognition analysis results that will be explained in the next section.

6.3.3. Classification of acoustic emission data and assigning of
geopolymerization mechanisms
To investigate different geopolymerization stages and mechanisms, the
acoustic emission signals were processed using NOESIS software [30]. Unsupervised
pattern recognition was selected due to lack of background information related to
acoustic emission data from the geopolymerization process. The features for clustering
purposes were selected based on a feature correlation hierarchy diagram, which
graphically illustrates correlations between features of the signals [30]. Features were
normalized in the range of -1 to 1 and principle component analysis (PCA) was utilized
for reducing the dimension of the data.
The algorithm for unsupervised clustering was k-means [30] (an iterative
algorithm) starts with assigning the data to initial randomized centers and stopping
when the resulted clusters are no longer changed [30]. Four clusters were assumed as
a start to run pattern recognition analysis on the collected acoustic emission data.
However, the results showed that only two clusters were recognized.
Figure 6.6a presents the unsupervised pattern recognition results for the
water/solid weight ratio (w/s) of 0.30. The mechanism of cluster A, observed after 0.4
hours of the test onset, can be described as the dissolution of Si and Al cations from
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the source material through the action of hydroxide ions and partial consumption of
water, fly ash, activating solution, and bubble formation. It is assumed that dissolution
and consumption of the material releases little energy [19]. Moreover, dissolution and
consumption are expected to be repetitive during the reaction because the
geopolymerization process is a gradual reaction and it takes time for the process to be
completed. Based on SEM observations, the dissolution and consumption processes
are slow and expected to take a long time (more than 14 days) due to lack of external
heat. These processes need less energy compared with the formation of final products
and micro-cracking. The reason for the low energy is either because the dissolution
and consumption produce signals with low strength and amplitude, or these differences
in signal strength and amplitude could be attributed to density changes as the material
reacts while the paste sample is still in liquid state. Changing density changes sound
transmission leading to different signal strength and amplitude. In the early stages of
polymerization, the samples are in the liquid state, which will dampen sounds
compared to solids.
Cluster B, which was observed after 0.5 hours of the test onset, may be assigned
to microcracks, chemical shrinkage, the formation of the final geopolymerization
products and setting or polycondensation/polymerization of monomers into polymeric
structures. The final setting time of 0.30 w/s ratio was around 60 min. This may help
to predict when microcracks start. The signals of cluster B have larger signal strength
and amplitude, corresponding to significant sources of energy output such as micr ocrack formations. Microcracking is assumed to be the high energy source of the signals
in acoustic emission [19]. Therefore, these signals can be assigned to mechanisms with
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higher sources of energy. In addition, the significant energy sources may be attributed
to the change in the paste sample state from liquid to solid, since solids are more
efficient in transmitting stress waves.
Figure 6.6b presents unsupervised pattern recognition results for w/s of 0.35.
Unlike the previous sample, in these specimens there is a clear separation between two
assigned clusters in regards to the time of the experiment. The samples with w/s of
0.35 have data until 70 hours, and no signals after that were observed. Based on Vicat
test observations, the final setting time for 0.35 samples was delayed for 10 hours of
the test onset, which it is different than the 0.30 w/s samples. The geopolymerization
process for this ratio was slow and incomplete as shown in the SEM section. The
number of acoustic emission hits are few. This may show micro-cracks or shrinkage
in these samples reduced or delayed because of excessive water during the reaction.
As shown Figure 6.6b, cluster A, observed after 0.3 hours of the test onset, was
attributed to the dissolution of Si and Al cations from the material source through the
actions of hydroxide ions and consumption of water, fly ash and activating solution,
and formation of bubbles. While cluster B`, observed after 12 hours of the test onset,
may be assigned to microcracks, chemical shrinkage, the formation of final
geopolymerization products and setting or polycondensation/polymerization of
monomers into polymeric structures. Additional reason supporting the assumption is
the final setting time of 0.35 w/s was after 10 hours approximately. The final setting
may point out when microcracks may initiate.
The observation from these two clusters as shown in Figure 6.6a, depict that
most of the geopolymerization reaction happens in the first 70 hours in the case of 0.30
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w/s. The postulated reason is the increment of sodium hydroxide, and silica fume
powder/ water weight ratios enhances the geopolymerization process. On the other
hand, the acoustic emission data points are less numerous in the case of 0.35 w/s
because the extra water delayed the initial time setting, and the produced stress wave
was not strong enough to emit from a source.
The acoustic emission data clusters shown in Figure 6.6 (a and b for 0.3 and
0.35 respectively) were assigned to the forming bubbles and micro-crack initiations as
well as slow geopolymerization reaction activity. Pattern recognition analysis (PRA)
shows there are two clusters assigned to the geopolymerization process mechanisms,
as described earlier, and the two clusters occurred simultaneously for 0.3 w/s samples.
The proposed reason is that the potential mechanisms may occur at approximately the
same time, which is different from what has been observed in Portland cement paste
samples [31-32]. This can be interpreted as a gradual process of polymerization and
simultaneous occurrence of the amorphous mechanisms. The predicted time of
microcracks for 0.3 w/s occurred after the final setting time of Vicat penetration test.
The assumed mechanisms of 0.35 w/s were different because the dissolution of Si and
Al cations were occurred around 0.3 hours of the test onset approximately, while
microcracks, chemical shrinkage, and the formation of final geopolymerization
products occurred after 12 hours of the test onset. The final setting time of Vicat
penetration test was happened around 10 hours after the casting of the samples, which
it was prior to the predicted micro-crack initiation time. The final setting time seems
to confirm the predicted microcrack initiation. PRA analysis aided to understanding
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the geopolymerization process from the time of occurrence and standpoint of the
mechanism initiation.
6.4 Conclusions
Acoustic emission was

employed to investigate the

fly ash-based

geopolymerization process and to investigate the relationship between recorded
signals and activities and mechanisms associated with fly ash-based geopolymer paste
geopolymerization. The geopolymerization process has a dominant impact on the
mechanical properties of geopolymer concrete. A higher w/s ratio, which results in
lower acoustic emission events, can reduce the compressive strength significantly and
delays the initial and final setting time as shown in the Vicat penetration test results.
Furthermore, the higher w/s ratio may have a potential effect on long-term properties
such as durability, because the higher w/s ratio results in the more available voids
(more connected channels), leading to decreased compressive strength and potentially
leading to vulnerability to corrosion. Results of this study are summarized as follows:
1. Duration, signal amplitude, and signal strength of received signals correlated
with geopolymerization temperature distribution during fly ash-based paste
geopolymerization.
2. The measured temperature readings indicate the geopolymerization process
may have potential advantages in comparison with conventional cement because low
reaction temperature in a large mass on concrete will reduce micro-cracks induced by
drying shrinkage [27].
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3. The one and three-day SEM observations were shown the geopolymerization
process has been initiated early; however, several fly ash particles have not reacted yet
in both of water/solid ratios samples.
4. Based on pattern recognition analysis, two clusters were identified for both
water/solid ratios, which occurred throughout the test. This showed that most of the
geopolymerization mechanisms, including the dissolution of Si and Al cations,
forming bubbles, and micro-crack initiations activity, occur at roughly the same time
for 0.3 w/s weight ratio. While for 0.35% w/s, they occurred sequentially.
5. The Vicat penetration test, based on the final setting time, showed that microcrack probably started after 60 min of the test onset for 0.3 w/s, while it was after 600
min roughly for 0.35 w/s. Similar observations were predicted by pattern rec ognition
analysis.
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Tables:
Table 6.1 XRF chemical analysis of fly ash from Wateree Station
Chemical Analysis
Silicon Dioxide
Aluminum Oxide
Iron Oxide
Sum of Silicon Dioxide, Aluminum Oxide
Calcium Oxide
Magnesium Oxide
Sulfur Trioxide
Loss on Ignition
Moisture Content
Total Chlorides
Available, Alkalies as Na2O

Wateree Station wt.%
53.5
28.8
7.47
82.3
1.55
0.81
0.14
3.11
0.09
Not detected
0.77

Table 6.2 Mixture proportions for FGC-silica fume
Fly ash-based geopolymer
paste (water/solid*)

Fly ash,
kg/m3
(lb/ft3)

Mix 1:
silica fume based activating
solution paste (0.30)

474 (29.6)

Mix 2:
silica fume based activating
solution paste (0.35)

474 (29.6)

Water,
kg/m3
(lb/ft3)

w/c%

Sodium
hydroxide,
kg/m3 (lb/ft3)

Silica fume,
kg/m3 (lb/ft3)

30

61.6
(3.81)

46.2 (2.92)

35

61.6
(3.81)

46.2 (2.92)

175 (10.9)

204 (12.7)

*Solid (S) = combined weight of the fly ash, sodium hydroxide, and silica fume.
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Figure 6.1 Experimental test setup
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7.1 Conclusions
The two main objectives of this work are: (1) to improve the mechanical and
durability properties such as compressive strength, voids ratio, and permeable voids ratio;
and (2) to potentially widen applications of geopolymer concrete.
The following points summarize the findings for the first objective:
1. Very high 7-day compressive strength was achieved (around 105.1 MPa [15,240
psi]) with fly ash-based geopolymer concrete (FGC) using Type F fly ash and silica fume
activating solution. The cementitious materials content was 100% fly ash (no Portland
cement). This shows the promise of developing and using this alternative concrete to
replace ordinary Portland cement concrete. However, the required use of heat during the
curing period may, for the near future, limit applications of this material to precast concrete.
2. The use of silica fume based activating solution resulted in higher compressive
strength values, regardless of age, when compared to similar specimens cast using sodium
silicate based activating solution.
3. Curing conditions (cured inside or outside molds for two days) did not have a
significant effect on compressive strength when silica fume was used in the activating
solution. For these specimens, curing outside the molds resulted in lower compressive
strength. The opposite trend was observed when sodium silicate was used in the activating
solution, where significantly higher compressive strength values were achieved in
specimens cured outside the molds.
4. The use of fly ash from different sources (Wateree Station fly ash versus Belews
Creek fly ash) had increased the 7-day compressive strength and permeable void ratio of
fly ash-based geopolymer concrete (FGC) by 30% and 24% respectively. These differences
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in compressive strength was either because of chemical composition differences including
the SiO2/Al2O3 ratios of both fly ash sources, 2.19% and 2.22% respectively, SO3 and
carbon (C) content of Wateree Station fly ash, which was higher than Belews Creek, or due
to isolated fly ash particles (entrapped within cenospheres), which led to significant
differences in the microstructure.
5. Compressive strength was enhanced when using finer particle size distribution
for the same source. For instance, when fly ash grades were changed from ordinary
McMeekin to McMeekin Spherix 15, compressive strength was increased by 210%.
6. By considering the Ordinary McMeekin results as a baseline reference, the bulk
density ratio was increased by 1.4 and 3.8% when McMeekin Spherix 50 and McMeekin
Spherix 15 fly ash were used instead of the Ordinary McMeekin fly ash. Furthermore,
absorption after immersion and volume of permeable pore space ratio were reduced by 1.7
and 1.8 and 3.5% and 21.7% respectively when McMeekin Spherix 50 and McMeekin
Spherix 15 fly ash were used.
7. Selection of smaller particle size distribution from the same source may be a
better option than external heating for accelerating the reaction and obtaining a complete
geopolymerization process for some applications because the resulted concrete can be used
for a wide range of civil applications and might be cost effective.
8. Particle size distribution has a potential effect on the durability of geopolymer
concrete as it reduces the permeable voids and immersion ratio (ASTM C642) when
average particle size distributions decrease.
9. A relatively linear relationship was found between compressive strength and
average particle size (linear regression agreement of 94%) for McMeekin fly ash.
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The second objective focuses on the dominant factors for early strength gain and
final compressive strength of FGC-silica fume with the goal of minimizing the need for
external heat, thereby potentially widening applications of geopolymer concrete. Findings
are summarized below:
1. External heat plays a significant role, not only on the final compressive strength,
but also on the early compressive strength gain.
2. Sodium hydroxide concentration has a major effect on compressive strength. The
range of 60-100% sodium hydroxide to binder ratio in the mixture can give acceptable
compressive strength values in civil engineering applications.
3. Portland cement, in the absence of external heat, improves the early compressive
strength as well as the final compressive strength.
4. SEM observations indicate that the presence of Portland cement may reduce
microcracking, through utilization of the expelled water produced from the
geopolymerization process. In addition, the presence of calcium hydroxide will enhance
the reaction rate of fly ash.
5. The measured temperature readings indicate the geopolymerization process may
have potential advantages in comparison to conventional cement hydration because low
reaction temperature in mass concrete may reduce micro-cracking induced by drying
shrinkage (Kim and Cha 2013).
6. One and 3-day SEM observations indicate the geopolymerization process
initiated early; however, several fly ash particles did not react.
7. Based on pattern recognition, two clusters were identified for both water/solid
ratios, and these occurred throughout the test. This showed that most geopolymerization
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mechanisms, including the dissolution of Si and Al cations, formation of bubbles, and
micro-crack initiation, occurred at roughly the same time for 0.30 water/binder weight
ratio, while for 0.35% w/s they occurred sequentially.
8. Vicat penetration testing showed that microcracks initiated after 60 minutes for
the 0.30 w/s specimens, while this occurred after 600 minutes for the 0.35 water/binder
specimens. Similar observations were identified through pattern recognition.
7.2 Future work
Future work is plentiful in this relatively new area of investigation. A few
recommended courses of investigation are:
•

Measuring restrained and unrestrained shrinkage and investigating factors affecting
the shrinkage rate and amount.

•

Investigating the geopolymerization process development when Portland cement is
used as a partial replacement.

•

Investigating the effect of bottom ash on the properties of geopolymer concrete and
possibilities of improving the mechanical properties.
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